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DECLARATION OF MARY PARIS, PH.D. 
UNDER 37 C.F.R. §1.132 



Assistant Commissioner for Patents 
Washington, D.C. 20231 



Dear Sir: 



I, Mary Fans, declare as follows: 

1 . I hold the position of research Group Leader at Agensys, Inc. This position 
requires me to generate in vitro models for the study of cancer, and to investigate the effect of 
specific genes and proteins on tumor development, growth, and progression. This position also 
requires me to attend national and international conferences addressing issues in cancer research, 
conferences where there are exhibits of established as well as cutting-edge ideas in the cancer 
field. I have a Ph.D. in Immunology and Microbiology fi-om Ohio State University, and have 
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held two postdoctoral fellowships, one at the University of Virginia and one at the University of 
California at Los Angeles, School of Medicine. I have worked in the field of molecular biology 
for over 10 years. A copy of my cwmcw/wm vzYae is attached as Exhibit A. 

2. I have reviewed the specification and claims of the above-captioned application. I 
note that the claims are directed to an isolated STEAP-2 protein and compositions for eliciting an 
immunological response. I understand that the Office may have taken the position that the 
specification fails to show how to use the STEAP-2 protein in any predictable manner. I note, 

/ however, that consistent with the application as-filed there are several meaningful uses of 
STEAP-2 protein, as I will discuss below. 

3. Of record in the present prosecution is a prior Declaration by me dated 03-June- 
2002 ("2002 Declaration") describing experimental results indicating that STEAP-2 functions in 
calcium ion flux, and that its expression results in ion flux. Paragraph 7 of my 2002 Declaration 
demonstrates that STEAP-2 mediates calcium flux in response to LPA and that the magnitude of 
calcium flux is comparable to that produced by a known calcium channel. 

4. Since STEAP-2 is associated with function as an ion channel, it is useful as a both 
a target and a screening tool for small molecules that inhibit tumor cells. For example, the 
specification provides guidance with respect to how to use the STEAP-2 protein as a screening 
tool as follows: Page 13, lines 1 1-22 of the application as-filed notes the correlation of STEAP 
proteins with function as ion channels, transport proteins, or gap junction proteins, and that these 
functions have been implicated in the proliferation and invasiveness of prostate cancer cells. The 
paragraph concludes that the art suggests a role for ion channels in prostate cancer and 
demonstrates that small molecules that inhibit ion channel function interfere with prostate cancer 
cell proliferation. Weissenbach et al. illustrated the relationship of calcium channels to prostate 
cancer by demonstrating that expression of the calcium channel CaT-like protein correlates with 
prostate cancer stage, metastasis and androgen-independence (Weissenbach et al., J. Biol. Chem 
2001, 276:19461; Exhibit B). In addition, they and others have shown that regulation of calcium 
flux and intracellular calcium concentration plays a critical role in prostate cancer survival 

2 Serial No. 09/455,486 

sd-137553 Docket No. 511582001620 



(Skryma R et al, J. Physiol 2000, 527:71; Exhibit C). Thus increasing intracellular calcium 
concentration results in apoptosis of prostates cancer lines (Batra et al., Prostate 1991, 
19:2999(Exhibit D); Skryma R et al., J. Physiol 2000, supra). Similar observations have been 
reported v^ith sodium and potassium channels, where expression of ion channels correlates with 
tumor progression, and inhibition of their function prevents cell growth (Skyrma et al., Prostate 
1997, 33:1 12; Exhibit E). For example, studies on voltage-gated sodium channels (VGSC) 
revealed that VGSC are associated with increased invasiveness of prostate cancer, and that 
VGSC blockers inhibit the proliferation of prostate cancer cells (Abdul M. and Hoosein N., 
Anticancer Res 2002, 22:1727; Exhibit F). 

5. Therefore, the STEAP-2 protein is defined as a suitable target for known calcium 
ion channel inhibitors as well as being a research tool for screening compounds which interact 
with STEAP-2 so as to inhibit calcium ion flow. Thus, one use disclosed by the specification, 
and further confirmed by experiment, is the use of the STEAP-2 protein as a research tool for 
compounds that are useful to treat tumors that express STEAP-2 by inhibiting calcium channel 
activity. 

6. Similarly, data shows that STEAP-2 functions in achieving drug resistance. This 
is shown by experiments investigating the effect of chemotherapeutic agents on the proliferation 
and apoptosis of PC3 cells (see 2002 Declaration). Control PC3 cells and PC3 cells expressing 
STEAP-2 were treated with chemotherapeutic agents currently used in the clinic. Effect of 
treatment was evaluated by measuring cell proliferation using the Alamare blue assay and by 
following apoptosis by Annexin V staining. While only 5.2% of PC3-neo cells were able to 
metabolize Alamare Blue and proliferate in the presence of 5 /iM pachtaxel, 44.8% of PC3- 
STEAP-2 cells survived under the same conditions. A similar outcome was obtained in assays 
evaluating cell death by apoptosis. These results indicate that expression of STEAP-2 imparts 
resistance to chemotherapeutic agents such as paclitaxel, and allows survival of prostate cancer 
cells. These findings have significant in vivo implications, as they indicate that STEAP-2 
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provides a growth advantage for prostate tumor cells in patients treated v^ith common therapeutic 
agents. 



inhibitors of drug resistance proteins, as well as being a research tool for screening compounds 
which interact with STEAP-2 so as to inhibit the STEAP-2 drug resistance function. Thus, one 
use disclosed by the specification, and further confirmed by experiment, is the use of the 
STEAP-2 protein as a research tool for compounds that are useful to treat tumors that express 
STEAP-2 by inhibiting its drug resistance function. 

8. hiteracting STEAP-2 protein with antibodies generated against the STEAP-2 
protein is meaningful and useful in several ways. The specification at page 27, for example, 
states that STEAP proteins are targets for antibody-mediated inhibition of prostate and other 
cancers that express these proteins. This is verified in the 2002 Declaration as well; that data 
demonstrate that the presence of STEAP-2 confers resistance on tumor cells to known anticancer 
agents, such as paclitaxel. Antibodies to STEAP-2 can be used to overcome drug resistance and 
ion transport conferred by STEAP-2. Another use of STEAP-2 specific antibodies is the 
inhibition of STEAP-2 function. Altering the functional effect of STEAP-2 by using anti- 
STEAP-2 antibodies would restore sensitivity to the drug and prevent ion transport, thereby 
preventing growth and survival of tumor cells. Another application is the use anti-STEAP-2 
antibodies to deliver a payload of an antitumor agent to tumor cells. For this purpose, toxin- or 
drug-conjugated anti-STEAP-2 antibodies are targeted to STEAP-2 expressing cells, deUvering 
the toxin or drug into or in close vicinity to the tumor cell. STEAP-2 protein is thus useful for 
raising antibodies that are used in this manner. 

9. hi order to use antibodies raised by the claimed protein to overcome the drug 
resistance of tumor cells, STEAP-2 needs to be expressed in the tumor. As described in the 
specification, STEAP-2 expression can be detected using, e.g., antibodies specific to STEAP-2 
(Application as-filed pages 23-24). Confirmation that STEAP-2 is present indicates that 
antibodies or small molecules that interact with STEAP-2 are viable tumor inhibition modalities. 



7. 



Therefore, the STEAP-2 protein is defined as a suitable target for known 
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10. In conclusion, the specification, in combination with the data made of record 



confirming the statements therein, provides guidance for predictable uses of the claimed STEAP- 
2 protein for immunotherapy of cancer. 

I declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further, that these 
statements are made with the knowledge that willful, false statements and the like so made are 
punishable by fine or imprisonment or both, under Section 1001 of Title 18 of the United States 



Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 

Executed at Santa Monica, California on 25 July 2003. 
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The regulation of intracellular Ca plays a key role in 
the development and growth of cells. Here we report the 
cloning and functional expression of a highly calcium- 
selective channel localized on the human chromosome 7. 
The sequence of the new channel is structurally related 
to the gene product of the CaTl protein cloned from rat 
duodenum and is therefore called CaT-like (CaT-L). 
CaT-L is expressed in locally advanced prostate cancer, 
metastatic and androgen-insensitive prostatic lesions 
but is undetectable in healthy prostate tissue and be- 
nign prostatic hyperplasia. Additionally, CaT-L is ex- 
pressed in normal placenta, exocrine pancreas, and sal- 
ivary glands. New markers with well deHned biological 
function that correlate with aberrant cell growth are 
needed for the molecular staging of cancer and to pre- 
dict the clinical outcome. The human CaT-L channel 
represents a marker for prostate cancer progression 
and may serve as a target for therapeutic strategies. 



The link between ion channels and disease has received 
widespread attention in the last few years as mutations in 
several ion channels have been shown to be responsible for 
various forms of neurological disorders (1, 2). Whereas many of 
these mutations affect well characterized channels of the nerv- 
ous system, Kttle is known about the situation in non-excitable 
cells. One new superfamily of channels of widespread expres- 
sion and function include channels of the Trp family. The 
prototypical members of this family of six transmembrane do- 
main channel subunits come from the visual system of Dro- 
sophila where they have been shown to be responsible for the 
light-activated cationic conductance changes (3). Other mem- 
bers of these growing family of ion channels include osmo- and 
mechanosensitive ion channels (4, 5), channels responsible for 
pain and heat perception like the vanilloid receptors (6, 7), and 
channels involved in agonist/receptor activated cation influx (8) 
into cells such as Trp-1 to Trp-7. Also new on the scene are the 
epithelial Ca^"" channel, ECaC^ (also ECaCl (9)), and the Ca^"" 
transport protein CaTl (also ECaC2, (10)), implicated to play a 
role in the reabsorption of Ca^"^ by the kidney (ECaC) and 
intestinal epithelial cells (ECaC and CaTl), 



* This work was supported in part by the Deutsche Forschungsge- 
meinschaft. The costs of publication of this article were defrayed in part 
by the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

11 To whom correspondence should be addressed. Tel.: 49 6841 
166400; Fax: 49 6841 166402; E-mail: veit.nockerzi@med-rz.uni-sb.de. 

^ The abbreviations used are: ECaC, epithelial Ca^* channel; bp, base 
pair; PGR, polymerase chain reaction; GFP, green fluorescent protein; 
HEK, human embryonic kidney; PBS, phosphate-buffered saline; kb, 
kilobase pair. 



Two other identified members of this family of Trp-related 
proteins, pl20 and melastatin, have not yet been demonstrated 
to function as ion channels. One of these genes, pl20 (11), when 
overexpressed, appears to interfere with normal ceU growth, 
whereas the second, melastatin (12), is abundantly expressed 
in benign cutaneous nevi but appears to be down-regulated in 
primary melanomas and, especially, in metastatic lesions. 

Here we report the cloning of a new human gene product that 
is structurally related to the rat CaTl cDNA and that we 
tentatively called Ca^*^ transport protein-like (CaT-L). Unlike 
CaTl and ECaC, CaT-L is not expressed in the small intestine 
(CaTl, ECaC (10, 13)), in colon (CaTl (10)) and in the kidney 
(ECaC (9, 13)). CaT-L is abundantly expressed in the placenta, 
pancreatic acinar cells, and saHvary glands. So far, little is 
known of the Ca^"*" entry pathways in these tissues. The Ca^"^- 
permeation properties of the CaT-L channel, shown here, ren- 
ders CaT-L as a good candidate for secretion coupling in these 
tissues. Most interesting, the CaT-L transcripts are undetect- 
able in benign prostate tissue but are present at high levels in 
locally advanced prostate cancer, metastatic lesions, and recur- 
rent androgen-insensitive prostatic adenocarcinoma. Hence, 
molecular classification of prostate cancer subclasses and class 
prediction by monitoring the level of human CaT-L gene ex- 
pression is feasible. In addition, functional characterization of 
the new Ca^'^ channel suggests a possible link between Ca^'^ 
signaHng and prostate cancer progression. 

EXPERIMENTAL PROCEDURES 

Cloning of the CaT-L cDNA from Human Placenta — Total RNA was 
isolated from human placenta as described (14), and poly(A)'^ RNA was 
obtained using poly(A)"*" RNA spin columns (New England Biolabs, 
Beverly, MA) according to the manufacturer's instructions. To obtain an 
oligo-(dT)-primed cDNA library, placenta poly(A)'*" RNA was reverse- 
transcribed using the cDNA choice system (Life Technologies, Inc.), and 
the resulting cDNA was subcloned in A-Zap phages (Stratagene, La 
Jolla, CA). After screening the library with the human expressed se- 
quence tag 1404042 (GenBank™), several cDNA clones were identified, 
isolated, and sequenced. Additional cDNA clones were isolated from two 
specifically primed cDNA libraries from a second placenta using prim- 
ers corresponding to amino acids ^^^HLSLPM and ^^^GPLTSTL of the 
CaT-L sequence (Fig. la) and the 345-bp NcoVBamKl and 596-bp 
Eco^MSstl cDNA fragments of CaT-L as probes. Thirteen independent 
cDNA clones were sequenced on both strands. In addition the complete 
coding region of the CaT-L protein was amplified by PCR, using human 
cDNA isolated from placenta as template, and eight independent cDNA 
clones were sequenced on both strands. The nucleotide sequences of 
CaT-La and OaT-Lb have been deposited in DDBJ/EMBL/GenBank™ 
under the accession numbers AJ243500 and AJ243501, respectively. 

Northern Blot Analysis—For Northern blot analysis 5 /ig of human 
poly(A)'^ RNA from human placenta and from prostate (obtained from 
patients undergoing transurethral prostatectomy because of benign 
prostatic hyperplasia) were separated by electrophoresis on 0.8% aga- 
rose gels and thereafter transferred to Hybond N nylon membranes 
(Amersham Pharmacia Biotech) as described (14). The membranes 
were hybridized in the presence of 50% form amide at 42 **C overnight. 
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Fig. 1. Primary structure of human CaT-L. a, alignment of the deduced amino acid sequence of CaT-L with the sequences of human ECaC, 
rat CaTi, and the rat vanilloid receptor Vrl (GenBank™ accession numbers AF160798. AJ401155, and T09054). CaT-La and CaT-Lb arise due 
to polymorphism of the CaT-L gene (see "Results"). Amino acid residues are numbered on the right. Residues within CaT-L identical to ECaC, 
CaTi, and Vrl, the putative transmembrane segments {S1-S6), the putative pore region, and the partial CaT-L2 sequence obtained by reverse 
transcriptase-PCR (see "Results") are indicated. 6, hydropathy profile (46) of CaT-L, Transmembrane segments S1-S6 were defined as regions vnth 
a hydropathy index sl.5 using a window of 19 amino acids, c, predicted membrane topology of the CaT-L protein. Putative ankjrrin repeats (A), 
an N-glycosylation site (branched circles) and protein kinase C phosphorylation sites (circled p) are indicated. The positions of amino acid 
exchanges of CaT-La and CaT-Lb are symbolized by ©. rf, phylogenetic tree based on the fiill-length cDN A sequences of CaT-L-related mammalian 
gene products ECaC (32), CaTi (10), SIC (47), Vrl (6), VRl (7), and GRC (48), respectively. 



A New Channel, Associated with Cancer 



Alternatively, a human multiple tissue RNA blot (CLONTECH) was 
hybridized under the same conditions. The probe was a 345-bp EcoW 
BamHI fragment spaiming the protein coding region of amino acid resi- 
dues 528-643 of the CaT-L protein (Fig. la), labeled by random priming 
with Ia,^^]dCTP. Filters were exposed to x-ray films for 4 days. 

Construction of Expression Plasmids and Transfection of HEK 
Cells — ^To obtain the recombinant dicistronic expression plasmid pdi- 
CaT-L carrying the entire protein-coding regions of CaT-Lb and the 
GFP (15), the 5'- and 3'-untranslated sequences of the CaT-Lb cDNA 
were removed, and the consensus sequence for initiation of translation 
in vertebrates (16) was introduced immediately 5' of the translation 
initiation codon; and the resulting cDNA was subcloned into the 
pCAGGS vector (17), downstream of the chicken ^-actin promoter. The 
internal ribosomal entry site derived from encephalomyocarditis virus 

(18) , followed by the GFP cDNA containing a Ser-65 Thr mutation 

(19) , was then cloned 3' to the CaT-Lb cDNA. The internal ribosomal 
entry site sequence allows the simultaneous translation of CaT-Lb and 
GFP from one transcript. Thus, transfected cells can be detected un- 
equivocally by the development of green fluorescence. Human embry- 
onic kidney (HEK) 293 cells (ATCC CRL 1573) were transfected with 
pdiCaT-L using lipofectamine (Qiagen, Hilden, Germany) as described 

(20) . 

For measuring [Ca^'^l^, HEK cells were cotransfected with the 
pcDNA3-CaT-Lb and pcDNA3-GFP (21) in a ratio of 4:1. To obtain 
pcDNA3-CaT-Lb the entire protein coding region of CaT-Lb including 
the consensus sequence for initiation of translation in vertebrates (16) 
was subcloned into the pcDNA3 vector (Invitrogen, Groningen, Neth- 
erlands). Measurements of [Ca^"*^]; and patch clamp experiments were 
carried out 2 days and 1 day after transfection, respectively. 

Chromosomal Localization of the CaT-L Gene — ^The chromosomal 
localization of the human CaT-L gene was performed using NIGMS 
somatic hybrid mapping panel 2 (Coriell Institute, Camden, NJ) de- 
scribed previously (22, 23) and primers corresponding to amino acids 
"^YEGQTA and ^^LIYFG of the CaT-L sequence (Pig. 3a). 

Electrophysiological Recordings — Patch clamp recordings on single 
transfected cells were performed at 22-25 "C in the tight seal whole-cell 
configuration using fire-polished patch pipettes (3-10 Mft uncompen- 
sated series resistance) 2 days after transfection. Pipette and cell ca- 
pacitance were electronically canceled before each voltage ramp. Mem- 
brane currents were filtered at 1.5 kHz and digitized at a sampling rate 
of 5-10 kHz. To analyze transfected cells, currents were recorded with 
an EPC-9 patch clamp amplifier controlled by Pulse 8.3 software 
(HEKA Electronics). The pipette solution contained (in mM) the follow- 
ing: 140 aspartic acid, 10 EGTA. 10 NaCl, 1 MgCl^, 10 Hepes (pH 7.2 
with CsOH). The bath solution contained (in him) the following: 110 
NaCl, 10 CsCl, 2 MgClg, 50 mannitol, 10 glucose, 20 Hepes (pH 7, 4 with 
CsOH) and 2 CaClg, or no added CaClg (-Ca^"^ solution). Divalent free 
bath solution contained (in mM) the following: 116 NaCl, 10 CsCl, 50 
mannitol, 10 glucose, 20 Hepes, 1 EGTA (pH 7, 4 with CsOH) and bath 
solution without Na^ contained 110 iV-methyl-D-glucamine instead of 
NaCl. Whole-cell currents were recorded every second by applying 
200-ms voltage clamp ramps from -100 to -»-100 mV from a holding 
potential of either -40 or +70 mV. The holding potential of +70 mV, 
which reduces Ca^"^ influx, in combination with high internal EGTA 
was used to minimize Ca^"*" dependent feedback mechanisms. Data are 
given as mean ± S.E. Values were not corrected for liquid junction 
potentials. Measured currents were normalized to cell capacitance, i.e. 
-25.3 ± 0.4 pA/pF for CaT-L-transfected cells (n - 12) and -1.56 ± 
0.54 pA/pF for GFP controls (n = 6) at -80-mV ramp potential in 
normal bath solution. 

Measurements of [Ca^'^Ji in Transiently Transfected HEK Cells — 
Measurements of [Ca^'^]^ in single HEK cells were performed with a 
digital imaging system (T.I.L.L. Photonics). Cells grown on coverslips 
were loaded with 4 fiira-2/AM (Molecular Probes, Eugene, OR) for 60 
min at 37 "C in minimal essential medium containing 10% fetal calf 
serum. Cells were washed three times with 300 ^1 of buffer containing 
115 mM NaCl, 2 mM MgClg, 5 mM KCl, 10 mM Hepes (pH 7.4). Nominal 
Ca^"^-free solutions contained -2 ^ Ca^^. [Ca^"^l, was calculated from 
the fluorescence ratios obtained at 340 and 380 nm excitation wave- 
lengths as described (24). Experiments were repeated three times. 

In Situ Hybridization Analysis — Sense and antisense oligode- 
oxynucleo tides corresponding to the amino acid residues ^^LILCLWSK, 
^^QDLNRQRI, and «^^FHTRGSED of the CaT-L sequence (Fig. la) 
were synthesized. Using the BLAST sequence similarity search tool 
provided by the National Center for Biotechnology Information (Bethes- 
da, MD), the antisense sequences show maximal similarity of <71% to 
sequences in the GenBank"*^ data base. The oligodeoxynucleotides used 
for hybridization were biotinylated at the 3' end. 
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Fig. 2. Expression of CaT-L mRNA in human tissues, a, autora- 
diogram of blot hybridization analysis (lower panels signals after hybrid- 
ization of human j3-actin cDNA as control to the same filters). B-i, in situ 
hybridization reveals high steady state levels of CaT-L mRNA in tropho- 
blasts and syncytiotrophoblasts of the normal placenta (6). Original mag- 
nifications are as follows: X 25 Qefi) and x 100 (right). Strong expression 
of CaT-L transcripts are detected in acinar structures of the normal 
pancreas, whereas pancreatic ductal epithelial cells (arrows) and Lange- 
rhans islets (asterisk) lack CaT-L mRNA. Original magnifications are as 
follows: X 25 (left) and X 200 (right). In saHvary glands CaT-L mRNA 
expression is restricted to subsets of myoepithelial cells (d). Original 
magnification, X 100. In situ hybridization analyses performed in adja- 
cent tissue sections with the sense probe were distinctively negative (e-^). 
CaT-L mRNA expression was undetectable in other human tissues inves- 
tigated, including the colon mucosa (h) and the normal kidney (0. Original 
magnifications are as follows: h, X 100; i, x 25 (left) and X 100 (right). 
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Fig. 3. Polymorphism of the human 
CaT-L gene, a, three of the five nucleo- 
tide substitutions result in changes of the 
encoded amino acid (aa) residues yielding 
the CaT-L variants a and b (see "Re- 
sults"). 6, PGR amplification of a 458-bp 
CaT-L fragment from human genomic 
DNA and expected fragments after cut- 
ting with Bspl286I (6). c, genotyping of 12 
human individuals. Both classes of DNA 
were amplified. Primers are indicated by 
arrows. The nucleotide alOSOg substitu- 
tion in the CaT-Lb DNA generates a rec- 
ognition site for the restriction enzyme 
Bspl286L The resulting Bspl286I frag- 
ments were separated by poly aery la mide 
gel electrophoresis, nt, nucleotide; aa, 
amino acid; M, methionine; C, cysteine; V, 
valine; T, threonine. A, arginine. 
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The non-radioactive in situ hybridization method was carried out as 
described (25) using formalin-fixed slices of 6-8 ^m thickness. Briefly, 
the slices were deparaffinized, rehydrated in graded alcohols, and in- 
cubated in the presence of PBS buffer including 10 /xg/ml proteinase K 
(Roche Molecular Biochemicals) for 0.5 h. After prehybridization, the 
slices were hybridized at 37 "^C using the biotinylated deoxyoligonucle- 
otides (0.5 pmol//il) in the presence of 33% formamide for 12 h. There- 
aft;er, the slices were rinsed several times with 2x SSC and incubated 
at 25 *C for 0,5 h with avidin/biotinylated tiramide peroxidase complex 
(ABC, Dako). After several washes with PBS buffer, the slices were 
incubated in the presence of biotinylated tyramide and peroxide (0.15% 
w/v) for 10 min, rinsed with PBS buffer, and additionally incubated 
with ABC for 0.5 h. The slices were then washed with PBS buffer and 
incubated in the presence of DAB solution (diaminobenzidine (50 ^ 
ml), 50 mM Tris/EDTA buffer, pH 8.4, 0.15% HgOg in iV,N-dimethylfor- 
mamide, Merck). The reaction was stopped after 4 min by incubating 
the slides in water. Biotinylated tyramide was obtained by incubating 
NHS-LC biotin (sulfosuccinimidyl-6-[biotinimid]-hexanoate, 2.5 mg/ml. 
Pierce) and tyramine-HCl (0.75 mg/ml, Sigma) in 25 mM borate buffer 
(pH 8.5) for 12 h. The tyramide solution was diluted 1000-fold (v/v) in 
PBS buffer before use. 

Tissue Selection — Normal human tissue included placenta in = 2), 
prostate tissue (n = 2), colon (n - 2), stomach in = 2), lung (n = 2), 
kidney (n = 2), endometrium (n = 2), salivary glands in = 2), pancreas 
(n = 2), and parathyroid glands (n - 2). Transurethral resections with 
benign prostatic hyperplasia were obtained from three patients without 
clinical and pathological evidence of malignancy. Prostate cancer tissue 
from five radical prostatectomy specimens was submitted for study. The 
pathological stages and grades included pT3b {n = 2), pT3a (n = 2), 
pT2b in - 1), and primary Gleason grades 5 (n - 2), 4 (n = 2), and 3 
{n ~ 2), Four foci of high grade prostatic intraepithelial neoplasia were 
identified in the radical prostatectomy specimens. Lymph node metas- 
tases were obtained from five staging lymphadenectomies without sub- 
sequent prostatectomy. The material further contained palliative tran- 
surethral resection specimens from five patients with recurrent 
androgen -insensitive adenocarcinomas after orchiectomy. All speci- 
mens were available as formalin -fixed paraffin-embedded tissue 
sections. 

Miscellaneous Methods — Sequences were analyzed using the Heidel- 
berg Unix Sequence Analysis Resources of the biocomputing unit at the 
German Cancer Research Center, Heidelberg. The phylogenetic dis- 
tances of proteins were calculated with the Clustal/Clustree program 
(26, 27), and the similarity of protein sequences in pairs was calculated 
with the ClustalW algorithm (28). Photographs were scanned and pro- 
cessed using Corel Photo-Paint/Corel Eh-aw and Adobe PhotoShop. 



RESULTS 

Primary Structure of Human CaT-L — In search of proteins 
distantly related to the Trp family of ion channels, a human 
expressed sequence tag (EST 1404042) was identified in the 
GenBank™ data base using BLAST programs (29). This EST 
was used as a prohe to screen oligo(dT) and additional specifi- 
cally primed human placenta cDNA libraries. Several positive 
cDNA clones were isolated, sequenced, and found to contain the 
complete sequence of the EST 1404042 clone as well as addi- 
tional 5 '-sequences. These clones cover an mRNA of about 2.9 
kb with an open reading frame of 2175 bases (Fig. la) encoding 
a protein of 725 amino acid residues that we tentatively called 
human Ca^"*" transport protein-like (CaT-L). Downstream of 
the CaT-L coding sequence an additional open reading frame 
has been postulated (GenBank™ accession number X83877)^ 
to represent a zinc finger type DNA-binding protein. The func- 
tional significance of this putative gene product is not known. 

Hydropathy analysis reveals a hydrophobic core in the 
CaT-L protein with six peaks likely to represent membrane- 
spanning helices (SI to S6) and a putative pore region between 
S5 and S6 (Fig. 16). The hydrophobic core is flanked by long 
presumptive c3doplasmic domains at the N and C termini (Fig. 
Ic). A similar topology has been proposed for the light-activated 
ion channels in the Drosophila compound eye, Trp and TrpL, 
and related nematode and mammalian gene products (21, 30). 
The N-terminal region of the CaT-L protein (Fig. Ic) contains 
six amino acid sequence motives (amino acid residues 45-69, 
79-102, 116-140, 162-186, 195-219. and 239-263) related to 
the consensus sequence of ankyrin-Uke repeats (31). 

As shown in Fig. 1, a and d, amino acid sequence comparison 
places human CaT-L in close relationship to the rat intestine 
Ca^"*" transport protein (CaTl (10)) and the human renal epithe- 
lial Ca^-" channel (ECaC (9, 32)), sharing 90 (rat CaTl) and 77% 
(human ECaC) overall amino acid sequence identity. More dis- 
tantly related members of this gene family include non-selective 
cation channels such as the rat vaniUoid receptors Vrl and VRL 
that share common amino add sequence motives (21), although 
overall sequence identity is low (Vrl, 28%; VRL, 27%). 



^ N. Tomilin and V., Boyko, unpublished results. 
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Expression of CaT-L Transcripts in Human Tissues — To in- 
vestigate CaT-L expression, Northern analysis was performed 
using polyCA)"*" RNA from different human tissues and a 345-bp 
EcoRUBamUl fragment of CaT-L cDNA as a probe (Fig. 2a). 
We found that CaT-L transcripts of 3.0 kb are expressed in 
placenta, pancreas, and prostate. The size of these transcripts 
corresponds to the size of the cloned CaT-L cDNA (2902 bp). In 
addition, a shorter transcript of 1.8 kb is detectable in poly(A)"*' 
RNA isolated from human testis, which may result from alter- 
native mRNA processing in this tissue. No CaT-L transcripts 
were detected in heart, lung, liver, skeletal muscle, spleen, 
ovary, and leukocytes. Interestingly, no CaT-L transcripts 
could be detected in small intestine, where both CaTl and 
ECaC transcripts have been detected, nor in colon and brain 
(CaTl) or in kidney (ECaC) where these transcripts are pre- 
dominantly expressed. The lack of CaT-L expression in human 
kidney and intestine suggests that CaT-L does not serve the 
physiological functions in these tissues that have been associ- 
ated with the ECaC and CaTl proteins and that include intes- 
tinal and renal Ca^"*" absorption. Therefore, CaT-L is unlikely 
to represent the human ortholog of rat CaTl. A human cDNA 
sequence of 446 bp has been deposited to the GenBank™ data 
base (accession number AJ277909) that is identical to the cor- 
responding sequence reported here. This sequence has been 
postulated to represent part of human CaTl, but no data are 
available that support this suggestion. Interestingly a 115-bp 
fragment, tentatively called CaT-Like2 (CaT-L2), was amph- 
fied from himian genomic DNA and sequenced. It encodes an 
amino acid sequence (Fig. la) that shares 92% sequence iden- 
tity with htunan CaT-L, 95% with human ECaC, and 81% with 
rat CaTl sequences and may represent a part of an additional 
ECaC/CaTl-related channel. 

To characterize further the cell-specific expression of CaT-L 
transcripts, in situ hybridization experiments were performed, 
using various human tissue sections (Fig. 2, b-i) obtained from 
placenta (taken from a 10-week-old abort), pancreas (removed 
from patients with pancreatic cancer), salivary gland, colon, 
and kidney. In the placenta (Fig. 2b) CaT-L transcripts are 
expressed in trophoblasts and syncytiotrophoblasts. In the pan- 
creas (Fig. 2c) CaT-L transcripts are restricted to acinar cells 
and are not detectable in ductal epithelial cells and Langer- 
hans islets. No CaT-L expression was found in regions of pan- 
creatic carcinomas (data not shown). In salivary glands, CaT-L 
expression occurs in subsets of myoepithelial cells (Fig. 2d), 
Corresponding to the results obtained by Northern blot analy- 
sis, no CaT-L transcripts could be detected in tissue sections of 
human colon (Fig. 2h) and human kidney (Fig. 21). In addition 
no transcripts could be detected in stomach, endometrium, 
lung, and parathyroid gland (data not shown). 

Polymorphism and Chromosomal Localization of the Human 
CaT-L Gene — Comparison of the DNA sequences of the various 
CaT-L cDNA clones obtained from a human placenta revealed 
that the sequences could be grouped into two classes, which 
differ in five nucleotide substitutions (Fig. 3a). Three of the five 
substitutions resulted in changes of the encoded amino acid 
residues, whereas two nucleotide substitutions were silent 
{alOSOg and gl878a). The resulting two protein sequences that 
differ in three amino acid residues (R157C, V378M, and 
T681M) were called CaT-La and CaT-Lb (Figs, la and 3a). This 
finding was reproduced by isolating CaT-L a and b cDNA clones 
from a second placenta. In addition, PCR amplification of the 
full-length CaT-L cDNA from a third placenta yielded only the 
b variant when eight amplified full-length CaT-L cDNAs were 
subcloned and sequenced. 

The nucleotide substitutions may reflect a coupled polymor- 
phism; alternatively, the underlying mRNAs of the two cDNA 
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Fig. 4. The CaT-L protein is a Ca^*^ -selective ion channel, a, 

representative current trace obtained from a CaT-L-transfected HEK 
cell (see "Materials and Methods"). CaT-L-mediated currents are visu- 
alized by appljring voltage ramps (-100 to +100 mV) from holding 
potentials of either -40 or +70 mV. Current values measured at -80 
mV of the ramp are plotted over time. CaT-L-induced currents increase 
when the holding potential is switched to positive values. As indicated 
by the overlying bar, the solution was changed from the normal bath 
solution (2 mM [Ca^"*"]^) to a solution containing no added Ca^"*" (a) or to 
an EGTA-buffered solution containing zero divalent cations (6). The 
numbers indicate time points from which individual traces shown in c 
and d were taken, c and d, current-voltage relationships, showing the 
effect of solution switch alone (c, traces 1 and 2) and after removal of 
extracellular Ca^"^ (c, trace 3) with the leak subtracted current (2-3) 
shown in the inset, rf, current-voltage relationship showing CaT-L cur- 
rents before (trace 1) and after the removal of external divalent cations 
(trace 2). e, summary of the currents at -80 mV ramp potential. Dark, 
CaT-L-transfected cells; red, control cells. Columns from left to right, 
CaT-L currents at -40 mV (n ~ 12) and +70 mV holding potential (n = 
12). CaT-L currents in standard bath solution including 110 mM N- 
methyl-D-glucamine without Na"^ (- Na^, ^ = 7) and with nominal zero 
Ca^"** ions (- Ca^"^, n = 8) or in the presence of 1 mM EGTA with zero 
divalent cations present (0 div, n = 6). representative changes in 
ICa^"^], in CaT-Lb-transfected HEK cells (red) and controls (black) in 
the presence or absence of 1 mM [Ca^"*^]„. Inset to the right, relative 
increase of cytosolic (Ca^'^lo of CaT-L-transfected and control HEK cells 
after readdition of 1 mM [Ca^'^l^. 

classes may be products of different gene loci or may arise by 
RNA editing. To distinguish between these possibilities, we 
first designed a primer pair common to both CaT-L a and b 
isoforms that flanked the silent substitution alOSOg and the 
substitution that leads to the amino acid exchange V378M. We 
then PCR-amplified a DNA fragment of 458 bp from genomic 
DNA isolated from human T-lymphocjrtes. Both classes of 
DNAs were amplified, and both amplification products con- 
tained a common intron sequence of 303 bp (Fig. 36). The 
alOSOg substitution in the CaT-Lb DNA generates a new rec- 
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Fig. 5. CaT-L is expressed in malig- 
nant lesions of the prostate but not in 
benign prostate tissues, a, autoradio- 
gram of blot hybridization analysis using 
polyCA)"^ RNA isolated from human pla- 
centa and prostate tissue obtained from 
20 patients with benign prostate hyper- 
plasia and without clinical and patholog- 
ical evidence of malignancy {*, upper pan- 
el). CaT-L transcripts are present in 
placenta but, in contrast to Pig. 2a, are 
absent in prostate {lower panels signals 
after hybridization of human ^-actin 
cDNA as control to the same filters). The 
absence of CaT-L mRNA expression in 
normal adult prostate tissue (6) and be- 
nign prostatic hyperplasia (c) was con- 
firmed by in situ hybridization analyses. 
Original magnifications are as follows: X 
25 {left) and X 100 {r^ht). Primary pros- 
tatic adenocarcinoma (Gleason score: 3 + 
4 = 7) with extraprostatic extension 
(pT3a) reveals high steady state levels of 
CaT-L mRNA in subsets of tumor cells 
{d). Extensive CaT-L mRNA expression is 
detected in lymph node metastasis (e) and 
hormone refractory, recurrent lesions if). 
Original magnifications are as follows: x 
25 {left) and X 100 {right). 
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ognition site for the restriction enzjone Bsp 12861 (Fig. 36). 
Accordingly, genomic DNA isolated fr*om blood cells of 12 
healthy male human individuals was used as template to am- 
plify the 458-bp DNA fragment, and the amplified DNAs were 
then incubated in the presence of Bsp 12861. In 11 out of 12 
individuals the expected DNA fragments of the CaT-Lb variant 
could be identified, whereas one individual contained both a 
and b variants (Fig. 3c). In summary, these findings suggest 
that the two CaT-L variants may be due to a coupled polymor- 
phism of one gene locus. By using a monochromosomal hybrid 
mapping panel, this locus was assigned to human chromosome 
7 (data not shown). 

CaT-L Is a Ca^'^ -selective Cation Channel — To characterize 
the electrophysiological properties of CaT-L, CaT-L and GFP 
were co-expressed in HEK cells using the dicistronic expression 
vector pdiCaT-L. Whereas only small background currents 
were observed under control conditions (GFP alone), large in- 
wardly rectifying currents could be recorded in CaT-L-trans- 
fected HEK cells after establishing the whole-cell configuration 
(Fig. 4, a-e), indicating that CaT-L forms constitutively active 



ion channels. Switching the holding potential fi^om the initial 
-40 to +70 mV, currents increased dramatically in size (Fig. 4, 
a and e). This increase in current size with a change in holding 
potential was not observed for sodium currents (at zero extra- 
cellular divalent ions) and indicates that CaT-L may be par- 
tially inactivated by intracellular Ca^*^. For the following ex- 
periments voltage ramps were applied from a holding potential 
of +70 mV. Although the initial characterization of CaT-L 
currents was reminiscent of currents mediated by ECaC (33- 
35), the sequence differences led us to a more detailed investi- 
gation of CaT-L selectivity. CaT-L-specific currents were com- 
pletely abolished following removal of external Ca^"^ (Fig. 4, a 
and c) but slightly increased when external Na"^ was removed 
(summarized in Fig. 4e). The ion exchange experiments and the 
inwardly rectifying current-voltage relationship with the 
rather positive reversal potential (i^^ev) provide strong evidence 
that CaT-L forms Ca^ "^-selective ion channels (Fig. 4, a, c, and 
e). The Ca^"*" selectivity, as defined by the E^^, becomes even 
more evident (Fig. 4c, inset) if the background current is sub- 
tracted (background current defined as the remaining current 
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in the absence of Ca^"^). The shght but consistent increase of 
current size in the absence of Na"^ (Fig. 4€) is largely due to a 
local perfusion effect as perfusion of unaltered bath solution 
(puffin Fig. 4a) revealed a similar increase in current size and 
could indicate an activation mechanism partially mediated by 
shape changes. 

A feature of non-voltage-operated Ca^'*'-selective ion chan- 
nels is their ability to conduct Na"^ only if all external divalent 
cations, namely Ca^"^ and Mg^^, are removed from the extra- 
cellular solution (34-36). To test whether CaT-L channels con- 
form with this phenomenon, normal bath solution was 
switched to a solution containing no divalent cations with 1 mM 
EGTA added. As can be seen in Fig. 4, b, d, and e, CaT-L 
channels can now conduct very large Na'^ currents. Interest- 
ingly, immediately after the solution change, the current size 
first becomes smaller (Fig. 46) before increasing rapidly, indi- 
cating that the pore may initially still be blocked by Ca^"*" 
suggesting an anomalous mole fraction behavior. Inactivation 
of CaT-L currents is mediated in part by binding of Ca^"*"/ 
Calmodulin (37). Interestingly, this inactivation can be coun- 
teracted by phosphorylation of the calmodulin-binding site of 
CaT-L by protein kinase C (37), 

The high Ca^"^ selectivity of CaT-L channels together with 
its spontaneous activity leads to the assumption that the rest- 
ing [Ca^"^]; of CaT-L-transfected cells should be rather high and 
strongly dependent on the extracellular Ca^^ concentration 
([Ca^"*']^). This prediction was tested in fura-2-loaded CaT-L- 
transfected HEK cells. In the presence of 1 mM [Ca^\y [Ca^% 
in CaT-L-expressing cells was typically above 200 nM (Fig. 4/), 
whereas in non-transfected control cells or in cells expressing 
GFP alone, [Ca^"^]; was less than 100 nM. Following removal of 
extracellular Ca^^, the [Ca^"^]; of CaT-L-expressing cells de- 
creased, whereas readdition of 1 mM Ca^*^ to the bath led to a 
significant rise of [Ca^"^]^ in CaT-L-transfected cells but not in 
control cells. Thus, the measurements of [Ca^"^]; are in very 
good agreement with the electrophysiological recordings, mak- 
ing CaT-L an excellent candidate as a selective Ca^"*" uptake 
channel in tissue where it is usually expressed. 

Differential Expression of CaT-L Transcripts in Benign and 
Malignant Prostate Tissue — CaT-L transcripts are abimdantly 
expressed in human prostate as shown by Northern blot anal- 
ysis using a commercially available human multitissue RNA 
blot (Fig. 2a). To characterize further CaT-L expression, we 
prepared poly(A)'*" RNA from prostate tissues obtained from 
patients with histologically proven benign prostate hyperpla- 
sia. Northern blot analysis with poly(A)'*" RNA extracted from 
benign prostate tissue and human placenta showed CaT-L 
expression in the latter but failed to demonstrate any CaT-L 
mRNA in benign prostate tissue (Fig. 5a). This observation was 
confirmed by in situ hybridization analysis performed in tissue 
sections. We were unable to demonstrate detectable levels of 
CaT-L mRNA in normal prostate tissue (Fig. 56) and benign 
prostatic hyperplasia (Fig. 5c), and the high grade prostatic 
intraepithelial lesions were investigated. Conversely, high 
steady state levels of CaT-L mRNA were detectable in primary 
prostatic adenocarcinoma (Fig. 5d). Thus, we can conclude that 
the commercially available RNA blot contains mRNA from 
prostate cancer patients, although this has not been specified 
by the manufacturer. In primary prostate adenocarcinoma the 
most significant levels of CaT-L mRNA were detected in high 
grade (primary Gleason grades 4 and 5) tumors with extrapros- 
tatic extension (pT3a/b) ranging from 10 to 30% of positive 
tumor cells (Fig. 5, c, e, and g). Conversely, in the organ- 
confined primary Gleason grade 3 tumor, no levels of CaT-L 
mRNA were detectable. All lymph node metastases (Fig. 5e, 
n = 5) and recurrent lesions (Fig. 5/1 n = 5) examined revealed 



CaT-L expression in 10-60% of tumor cells and 10-55% of 
positive tumor cells, respectively. This indicates that the pres- 
ence of CaT-L in human prostate cancer is rather a late event 
in tumor progression. 

DISCUSSION 

The present study has identified CaT-L as a novel Ca^"^- 
selective cation channel that is highly expressed in the human 
placenta, pancreatic acinar cells, salivary glands (Fig. 2), and 
in malignant prostatic lesions but not in healthy and benign 
prostate tissues (Fig, 5). Human CaT-like shares 75 and 77% 
amino acid sequence identity with rabbit and human ECaC, 
respectively, and the cation permeation properties of the re- 
combinant CaT-L channel resemble those of ECaC (33-35). 
CaT-L is unlikely to represent the human version of CaTl as its 
expression is undetectable in the small intestine and colon, 
tissues where CaTl is abundantly expressed. If, however, 
CaT-L is the human version of rat CaTl, a second gene product 
appears to be required for Ca^"*" uptake in human small intes- 
tine and colon attributed to CaTl in rat small intestine and 
colon. Most interesting, the CaT-L gene, like the human ECaC 
gene, is localized on human chromosome 7. 

In the trophoblasts and syncytiotrophoblasts of the human 
placenta, CaT-L channels might be involved in transcellular 
Ca^"^ transport (38), suppl3dng the fetal circulation with Ca^"*" 
from the maternal blood. This transcellular Ca^"^ transport 
includes Ca^"^ influx from maternal plasma across the microvil- 
lus plasma membrane into the trophoblasts, Ca^"*" transloca- 
tion across the cytosoi of the trophoblast cell, and Ca^"^ efflux 
from cytosoi across the fetal-facing membrane of the tropho- 
blast and entry into the fetal circulation. The Ca^^ efflux might 
be due to the activity of a high affinity Ca^"*" ATPase identified 
in the fetal-facing plasma membrane of trophoblasts (39). Ca^"^ 
uptake could be accompHshed by CaT-L in a similar way sis it 
has been suggested for ECaC in the kidney (9) and CaTl in the 
intestine (10). 

In pancreatic acinar cells, the activation of exocytotic secre- 
tion of digestive enzjmies primarily depends on release of Ca^"^ 
fi*om stores in the endoplasmic reticulum (40). Exocytosis can 
be triggered by hormones and neurotransmitters via intracel- 
lular messengers such as inositol 1,4,5-trisphosphate, cyclic 
adenosine 5'-diphosphate-ribose, and NAADP (41), When the 
cjiiOsoUc Ca^"*" concentration rises, the plasma membrane 
Ca^ ■'"-ATPase pump is invariably activated to extrude Ca^"*", 
and in the absence of compensatory Ca^"^ entry from the extra- 
cellular space, cells would inevitably run out of stored Ca^"^. 
The molecular structures of the channels responsible for Ca^^ 
entry are not known, but Ca^ "'"-selective and non-selective cat- 
ion influx pathways have been described (42, 43). It will be 
interesting to study the contribution of CaT-L to these path- 
ways and its role in Ca^"'' secretion coupling in pancreatic 
acinar cells. 

The most striking feature of CaT-L expression is its complete 
absence in healthy and benign prostate tissue but its presence 
at high steady state levels in malignant prostatic lesions (Fig. 
5). Prostate cancer is the most commonly diagnosed malig- 
nancy in men and is the second leading cause of cancer-related 
death in Western countries (44). When organ-confined at the 
time of diagnosis, prostate cancer can be cured by radical 
prostatectomy. Unfortunately, more than 50% of cancers that 
are considered clinically confined prior to surgery show extra- 
capsular extension upon pathological analysis and thus repre- 
sent a high risk of progression (45). In fact, locally advanced 
cancer is still a fatal disease for which presently no curative 
treatment is available. There is a great need for new molecular 
markers predicting tumor progression and the clinical out- 
come. The observation that CaT-L is undetectable in most of 
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normal human tissue including the prostate, but present at 
high levels in locally advanced, metastatic, and recurrent pros- 
tatic lesions suggests that CaT-L is a promising marker for the 
molecular staging and detection of prostate cancer. Interest- 
ingly, up-regulation of CaT-L expression has not yet observed 
in other malignancies such as pancreatic carcinoma (data not 
shown), arguing against CaT-L being a general marker of cell 
proliferation. The high levels of CaT-L expression in subsets of 
tumor cells in advanced stages of the disease suggests a specific 
function of these cells. It will be of interest to determine the 
regulating impact of these cells and of the polymorphic variants 
of the CaT-L protein on the process of tumor progression and 
hormone therapy failure. Furthermore, the function of CaT-L 
as Ca^'^-selective ion channels may offer novel therapeutic 
strategies interfering with the uptake of Ca^"^ and its not yet 
established downstream events in prostatic cancer cells. 
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1 . In the present study, we investigated the mechanisms involved in the induction of apoptosis 
by the Ca^'^-ATPase inhibitor thapsigargin (TG), in androgen-sensitive human prostate 
cancer LNCaP cells. 

2. Exposure of fura-2-Ioaded LNCaP cells to TG in the presence of extracellular calcium 
produced an increase in intracellular Ga^"^, the first phase of which was associated with 
depletion of intracellular stores and the second one with consecutive extracellular Ca^"^ entry 
through plasma membrane, store-operated Ca channels (SOCs). 

3. For the first time we have identified and characterized the SOC-mediated membrane current 
(^fitore) prostate cells using whole-cell, cell -attached, and perforated patch-clamp techniques, 
combined with fura-2 microspectrofluorimetric and Ca^^-imaging measurements. 

4. I^^^^ in LNCaP cells lacked voltage-dependent gating and displayed an inwardly rectifying 
current- voltage relationship. The unitary conductance of SOCs with 80 mM Ca^"*" as a charge 
carrier was estimated at 3*2 ± 0-4 pS. The channel has a high selectivity for Ca^'*" over 
monovalent cations and is inhibited by Ni^^ (0'5-3 itm) and La^"^ (1 /tM). 

5. Treatment of LNCaP cells with TG (0- 1 fiu) induced apoptosis as judged from morphological 
changes. Decreasing extracellular free Ca^"^ to 200 nM or adding 0*5 mM Ni^"^ enhanced TG- 
induced apoptosis. 

6. The ability of TG to induce apoptosis was not reduced by loading the cells with intracellular 
Ca'"^ chelator (BAPTA-AM). 

7. These results indicate that in androgen-sensitive prostate cancer cells the depletion of intra- 
cellular Ca^"*" stores may trigger apoptosis but that there is no requirement for the activation 
of store -activated Ca^"*" current and sustained Ca^"*" entry in induction and development of 
programmed cell death. 



Prostate cancer is the second highest cause of cancer death 
m men (Woolf ei al 1995; Parker ei al 1997). Androgen 
withdrawal therapy is commonly used to delay the 
progression of the disease (Montironi et al 1994). However, 
prostate cancer under hormonal ablation therapy will in 
most cases exhibit androgen-independent characteristics and 
the tumours will continue to progress. The androgen- 
insensitive prostate cancer cells are characterized by a very 
low proliferation rate that renders the typical chemotherapy 
agents ineffective. For this reason, targeting programmed 
cell death, or apoptosis, may be particularly relevant for 
prostate cancer therapy. 

It has now been established that Ca^"^ ions are major players 
in an intracellular signalling system that translates 
extracellular stimuli into the regulation and control of 



cellular events leading to programmed cell death (for a 
review see McConkey & Orrenius, 1997; see also Dowd, 
1995; Berridge et al 1998). Increases in intracellular Ca^"*" 
concentration ([Ca^"*"]!) have been shown to trigger apoptosis 
(Martikainen et al 1991; Juin et al, 1998) and numerous 
apoptosis inducers increase [Ca^'*"]j (McConkey ei al 1989; 
Spielberg ei al 1991). However, the precise mechanism(s) by 
which Ca^"** ions trigger apoptosis remain poorly understood. 
Ca^"*" stores are intracellular compartments characterized by 
their high intraluminal Ca^"*" content and their participation 
in the regulation of [Ca^*^]! through rapid Ca^"^ accumulation 
and release (Gill c/ al 1996; Berridge, 1997). The depletion 
of Ca^"^ stores induces a *Ca^**'-refilling mechanism*, a plasma 
membrane Ca^"*" entry initially called capacitative Ca^"*" influx 
by Putney (1986, 1990) or store-operated Ca^"^ current (/gtore)- 
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This mechanism has been demonstrated in a variety of non- 
excitable cells (for review see Parekh & Penner, 1997). Store- 
operated Ca^"^ channels (SOCs) have been shown to be 
involved in controlling many important physiological and 
physiopathological functions: secretion, gene transcription, 
cell cycle, proliferation and also apoptosis (Parekh & Penner, 
1995; Fanger et al. 1995; Berridge, 1995a; McConkey & 
Orrenius, 1997; Santella, 1998). While the implication of 
Ca^"*' ions in the induction of apoptosis is now generally 
accepted, the data concerning the role of store-operated 
current in this process are rather contradictory and 
confusing. Two hypotheses have been proposed. The first 
assumes that apoptosis may be triggered by endoplasmic 
reticulum (ER) calcium pool depletion without any 
requirement for the cytosolic Ca^"*" elevation due to store- 
operated Ca^"^ entry (He et al 1997; Bian et al 1997). 
Moreover, according to this hypothesis the capacitative Ca^"^ 
current may be important for optimal ER pool filling and 
apoptosis inhibition. The second hypothesis, on the contrary, 
assumes that a sustained elevation in cytosolic Ca^**" to a 
critical level is the initiator of apoptosis (Dowd et al 1992; 
Furuya ei al 1994; Wang et al 1999). 

This last hypothesis is based on experiments where 
apoptosis was induced by the sarco-endoplasmic reticulum 
Ca^'^-ATPase (SERGA pump) inhibitor thapsigargin (TG) in 
androgen-insensitive human prostate cancer cells from the 
TSU-Prl. DU-145 and PC-3 cell lines (Furuya et al 1994; 
Wang et al. 1999). However, nothing is known about 
apoptosis-inducing Ca^"*" signalling in androgen-sensitive 
prostate cancer cells, where the androgen receptor plays a 
critical role in regulating growth and differentiation. The 
study of Ca^'''-regulating mechanisms involved in apoptosis 
in androgen-dependent human prostate cancer cells could be 
of great importance as it was shown by Gong al (1995) 
that, in such cells, intracellular calcium is a potent regulator 
of androgen receptor gene expression. It has been found in 
this work that the calcium ionophore A 23 187 and 
thapsigargin down-regulate steady-state androgen receptor 
mRNA levels. On the other hand, androgen depletion is 
known to induce apoptosis in androgen-sensitive cancer cells 
and this mechanism involves Ca^'*' signals (Isaacs ei al 1992). 
The transition of prostate cancer cells from androgen 
sensitivity to androgen insensitivity may also involve 
modifications in Ca^"*" homeostasis and, probably, in the 
functioning of store-operated channels. Membrane current 
initiated by these channels, assumed to play an essential 
role in cancer cell apoptosis, has never been characterized 
using patch-clamp techniques in both androgen-sensitive 
and -insensitive prostate cells. In view of the fact that 
abnormalities in this current may give rise to human 
disorders, it is important to understand how this current is 
regulated and how it affects prostate cell behaviour. 

In this work we identify the mechanism by which 
thapsigargin induces apoptosis in androgen-sensitive human 
prostate cancer LNCaP cells. We characterize for the first 
time the store -operated Ca^^ current in prostate cancer cells, 



using patch -clamp and fluorimetric (fura-2) single-cell 
techniques. We also show that the depletion of intracellular 
Ca^~*" stores in androgen-sensitive prostate cancer cells may 
trigger apoptosis without the activation of a store-activated 
Ca'^^ current or sustained Ca^"*" entry. Our results provide 
new information on the link between Ca^"*' pools and 
apoptosis of cancer cells, suggesting evidence for a 
potentially important signalling pathway involved in the 
transition from hormone-sensitive to hormone-insensitive 
prostate cancer. 

METHODS 

Cell lines 

LNCaP cells from the American Type Culture Collection were 
grown in RPMI 1640 (Biowhittaker, Fontenay sous Bois, France) 
supplemented with 5 mM L-glutamine (Sigma, L'Isle d'Abeau, 
France) and 10% fetal bovine serum (Seromed, Poly-Labo, 
Strasbourg, France). The culture medium also contained 
50000IUr* penicillin and SOmgl"^ streptomycin. Cells were 
routinely grown in 50 ml flasks (Nunc) and kept at 37 °C in a 
humidified incubator in an air-COg (95%-5%) atmosphere. For 
electrophysiological experiments, the cells were subcultured in Petri 
dishes (Nunc) coated with polyomithine (5 mg 1"*, Sigma) and used 
after 4-6 days. 

Recording solutions 

Bath Ringer solution contained (mM): 140 NaCl, 5 KCl, 2 CaClg, 
2Mga2, 0*3 NajHPO^. 0-4 KHaPO^, 4 NaHCOg, 5 glucose and 
lOHepes (pH 7-3 ±0-01 with NaOH). In perforated-patch 
experiments, the recording pipette was filled with an artificial 
intracellular s^ine containing (mM): 55 CsCl, 70 CS2SO4, 7 MgClg, 
1 CaClj, 5 D-glucose and 10 Hepes (pH 7-2 with CsOH) with 
nystatin (200 /(g ml"*). In whole-cell experiments, the recording 
pipette was filled with an artificial intracellular saline containing 
(mM): 140 CfeCl. 2 MgClj, 1 CaClj, 10 EGTA and 5 Hepes 
(pH 7-3 ±0-01 with CsOH); osmolarity 290mosmon~\ In cell- 
attached experiments, the pipette solution contained 80 mM CaClj 
as a charge carrier plus (mM): TEA -CI 30, glucose 5, Hepes 10 and 
4,4'-diisothiocyanostilbene-2,2'-disulphomc acid (DIDS) 0-1 (pH 7-3 
with TEA-OH). The presence in tiie pipette of the K"*" channel 
blocker TEA and the Cl~ channel blocker DIDS ensured maximal 
suppression of potentially contaminating K"*^ and Cl~ single-channel 
activities. All experiments were performed at room temperature 

(20-22 "^q. 

Electrophysiological recording 

The electrodes were pulled on a PIP 5 (HEKA, Germany) puller in 
two stages from borosilicate glajss capillaries (1*5 mm in diameter; 
BBL, WPI, USA) to a tip diameter of 1-5-2*0 /tm. The cultures 
were viewed under phase contrast with an Axiovert 135 (Zeiss, 
Germany) inverted microscope. Electrodes were positioned with 
List-Medical (Germany) micromanipulators. Grounding was 
achieved throu^ a silver chloride-coated silver wire inserted into 
an agar bridge. 

Perforated-patch recordings were performed with 200/tgml * 
nystatin in the pipette, which was first back-filled with normal 
Singer solution to allow reliable seal formation. Series resistance 
had a steady value of 20-100 MH. Perforated-patch and whole-cell 
recordings were carried out using an Axopatch-200B amplifier 
(Axon Instruments), Stimulus control, as well as data acquisition 
and processing were carried out with a PC computer (IBM), fitted 
with a DigidaU 1200 series interface, using pCLAMP 6 software 
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(Axon Instruments, interface and software). The activity of single, 
store-dependent, plasma membrane Ca^"*' channels was recorded in 
the cell-attached configuration using a HEKA PC-9 amplifier. The 
currents in response to voltage-clamp pulses were low -pass filtered 
at 1-5 kHz and digitized at 10 kHz. Under such filtering conditions 
the root mean square noise, (r, was 0-09 pA. The single-channel 
data were analysed using PulseFit and Origin 5 software. The 
techniques have previously been described in detail (Skryma et al 
1994; Prevarskaya ei al, 1995). 

Data and statistical analysis 

Results were expressed as means ± standard deviation where 
appropriate. Each experiment was repeated several times. Student*8 
t test was used for statistical comparison among means and 
differences, with P < 0-05 considered significant. 

Fluorescence measurements of^s^^\ with fura-2 
For fura-2 measurements, cells were excited alternately at 340 and 
380 nra. Emitted fluorescence was long-pass filtered at 510 nm, 
captured and analysed by a photomultiplier-based system (Photon 
Technologies International Ltd, Princeton, NJ, USA). was 
calculated from the ratio of the emitted fluorescence, excited hy 340 
and 380 nm li^t, using the Grynkiewicz, Poenie & Tsien equation 
(Grynkiewicz ei al 1985). For microfluorimetric measurements, 
cells were grown on glass coverslips for at least 3 days before the 
experiment, loaded for 30min w\\h the acetoxymethyl ester 
derivative of the dye (5 /am fura-2 AM), and subsequently washed 
three times with a dye-free solution. 

Determination of apoptosis 

Cells were seeded in 8-chamber culture slides (Lab-Tek) in RPMI 
medium containing 10% fetal calf serum. After 24 h, cells were 
treated with Ni^"^ or thapsigargin for varying periods of time. For 
morphological analysis, at the end of the treatment, cells were fixed 
with ice-cold methanol for 10 min and washed twice with 
phosphate-buffered saline (PBS). Cells were then stained with 
5 ml"* Hoescht 33258 for 10 min at room temperature and 
mounted in glycergel (DAKO). Nuclear morphology was displayed 
on an Olympus BH-2 fluorescence microscope (405-435 nm). The 
percentage of apoptotic cells was determined by counting at least 
500 cells in random fields. Apoptosis was also detected by the 
TUNEL technique (terminal deoxy nucleotide transferase -mediated 
dUTP-biotin nick -end labelling) using an apoptosis detection kit 
(Boehringer Mannheim). Following the TUNEL reaction, which 
detects strand breaks, cells were counterstained with 0*1 % Methyl 
Green for 10 min. The free calcium concentration was assayed in 
solutions used for apoptosis experiments using the fura-2 
fluorescence equipment described above. The fluorescence of culture 
medium containing no added calcium was measured, as was that of 
chelated serum with EGTA at various concentrations (0-1 and 1 mai) 
with 5 /iM fura-2 pentapotassium salt. Free calcium concentration 
was found to be 200 and 20 nM in the presence of 0*1 and 1 mM 
EGTA, respectively. Using serial dilutions, we assumed that the 
free calcium contamination in the culture medium containing no 
added calcium and chelated serum was around 5-10 pm. The free 
calcium concentration of the Ringer solution used for calcium 
measurements was 1 fiu with no added CaCl2 and no EGTA. 

It should be noted that the incubation with the high doses (more 
than 1 mM) of Ni^"^ was toxic for LNCaP cells (the percentage of 
cells incorporating Trypan Blue was enhanced by 20 + 5% after 
incubation with 1 min Ni""" for 24 h). As 0-5 mM Ni'^" inhibited 
■4iore toxic in long-term experiments this concentration 

was selected as a standard dose for all studies of apoptosis. 



Chemicals 

All chemicals were bought from Sigma except for fura-2 AM, fura-2 
pentapotassium salt, SK&F 96365 and thapsigargin, which were 
purchased firom Calbiochem. 

RESULTS 

SERCA pump inhibitors induce a biphasic Ca^"^ rise in 
LNCaP cells 

The [Ca^*^]! resting level of LNCaP cells in a solution 
containing 2 mM CaCl2 was about 81 ± 7 nM (n= 103) and 
remained stable during the recording for up to 60 min. 

A common means of discharging the Ca^"*" stores is to inhibit 
SERCA pump activity (Premack ei al 1994; Parekh & 
Penner, 1996). Potent, selective Ca^**" pump inhibitors such 
as thapsigargin (Thastrup et al 1990) or cyclopiazonic acid 
(CPA; Mason et oi. 1991) deplete intracellular Ca^"*" pools and 
concomitantly promote a sustained capacitative Ca^"*" entry 
(Huang & Putney, 1998). This makes Ca^"*" pump inhibitors 
useful tools for studying controlled intracellular calcium 
changes and their consequences in cell physiology 

Exposure of fura-2-loaded LNCaP cells to 0*1 /iM 
thapsigargin in the presence of 2 mM extracellular calcium 
produced a large initial increase in intracellular Ca^**" as a 
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Figure 1 . Stimulation of Ca*"*^ influx by thapsigargin in 
LNCaP cells 

thapsigargin (0*1 pm) induces an increase in in 
LNCaP cells and stimulates Ca^"*" release with consecutive 
Ca^"*" entry B, the action of thapsigargin (O'l fiu) in 
Ca^''"-containing medium in the presence of Ni^^ (3 mM). 
(7, dependence of thapsigargin-induced Ca^"*" influx on 
extracellular Ca^^ Removing Ga^"^ from the external medium 
(measured free Ca^**" in these conditions was 1 /tM) blocks 
thapsigargin-stimulated Ca*^ entry Thapsigargin (01 /ill) 
was added at the time indicated by arrows. Testing solutions 
were applied from a puffing pipette during the periods 
indicated by bars. 
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result of the depletion of intracellular stores (Fig. 1-^4). This 
was followed by a sustained plateau, corresponding to a 
Ca^'*' influx. This depletion-activated Ca^"^ entry was 
confirmed by the fact that 3 mM Ni^*^ (Fig. 1^) and 1 /iM 
La^"^ {data not shown) blocked the sustained Ca^"*" rise. 
Decreasing extracellular free Ca^"*" concentration to 1 /iM by 
removing CaClg from the bath also suppressed Ca*^"^ entry 
while reintroducing extracellular Ca^"*" restored Ca^"^ (Fig. iC). 

To ensure that the effects of thapsigargin resulted from its 
action on intracellular Ca^"^-ATPase, we also examined the 
effects of CPA, a structurally unrelated agent that similarly 
inhibits the SERCA pump. CPA (10 /tM) produced similar 
effects on [Ca^^^Ji to those of thapsigargin, also inducing an 
initial Ca^"*" mobilization followed by Ca^*^ entry (not shown, 

71=11). 

Depletion of intracellular Ca^"*" stores activates a Ca*"*" 
current through store-operated channels 

We used the perforated-patch recording technique combined 
with [Ca^"**], measurement to compare the kinetics of the 
[G8?'^\ increase induced by TG, and the development of the 
htore current. As illustrated in Fig. 2, within 15 ± 6 s, 
TG stimulated an initial [Ca*"^]! increase due to the 



mobilization of Ca^"^ from intracellular stores. An inward 
current appeared within 25 ± 5 s afler TG application 
(n = 11). Decreasing extracellular free Ca^"*" concentration to 
1 /tM by removing CaClj from the bath inhibited the second 
phase of the [Ca^''']| increase induced by TG and the 
corresponding inward current (Fig. 2-4, n = 7). When Ca^"*" 
was added again the sustained plateau was restored and the 
Ca^**" current was induced. 1^^^^ was also blocked by Ni^"^ in 
the range of 0*5-3 mM. However, the rate of blockade was 
concentration dependent; 3 mM Ni^"^ completely inhibited 
the current within 1-2 min whereas 10-15 min were 
required to completely inhibit the current with 0*5 mM Ni^"^. 
Figure 2B demonstrates the effect of TG on [Ca^"*']i and I^^^ 
in cells incubated in 0 5 mM Ni^"*" during 15 min where only 
Ca^"*" mobilization from intracellular stores was observed 
without any stimulation of store-operated current. Moreover, 
when Ni^"*" was present in the extracellular solution, TG 
only induced an initial Ca^"^ rise due to Ca^"*" mobilization, 
but Jgtore stimulated (n — 9, Fig. 2B). Likewise, TG 

induced a monophasic increase in [Ca^**"]! under conditions 
when extracellular Ca^"*" was removed from the bath solution 
(not shown, n= 7). 
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Figure 2. Patch-damp recordings of store-operated Ca*"^ current in LNCaP cells 
A and B, combined perforated-patch and microspectrofluorimetric single-cell recordings of the thapsigargin- 
activated store-operated Ca'*'^ current at a holding potential of —80 mV. A, reversible blockade of Ca*''" 
current by removing Ca**^ from external medium {measured free Ca*'^, 1 /tu). B, thapsigargin induces Ca'"*" 
mobilization but does not induce store -operated Ca^"*" current in the presence of 0*5 mM Ni^"**. C, current- 
voltage relationship of the store-operated Ca*^^ current (current is inwardly rectifying and not activated by 
depolarization). D, whole-cell patch-clamp recordings of store-operated Ca^^ current at different holding 
membrane potentials. The horizontal filled bars indicate the episodes of 22 mM CaClj application. 
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We used the whole-cell patch-clamp technique to study the 
voltage dependence of I^^j.^ in LNCaP cells. Ca^"*" stores were 
emptied by incubating cells with 0*1 /^m TG for 15 min in 
the low free Ca^"^ (1 /tM) bath solution while dialysing the 
interior of the cell with a strongly buffered Ca^*^ solution (see 
Methods), /gtore elicited by adding 22 mM CaClg to the 
bath at different holding membrane potentials. An example 
of such an experiment and its current-voltage (I-V) 
relationship are shown in Fig. 2C and D, The store-operated 
calcium channels in LNCaP cells were non-conducting at 
very depolarized potentials. In contrast, the current 
amplitude increased following membrane hyperpolarization 
and the I~V relationship displayed an inward rectification 
(Pig. 2C), 

Changing external Na"^ (replaced by choline) had no 
significant effect on 1^^^^ in both whole-cell (n=5) and 
perforated-patch experiments (n = 3). In all cells studied 
(n= 7, perforated-patch combined with fura-2 experiments) 
was also insensitive to one of the suggested 



'store 



capacitative Ca'"" current inhibitors, SK&F 96365 (1 00 fiu). 

The activity of single store -operated Ca*"*" channels 
The cell-attached patch-clamp configuration was used to 
study the unitary SOC activity in LNCaP cells. In the 
presence of 0*1 /tM TG in the Ca^'*"-free bath solution and 
80 mM CaClj in the pipette, under conditions that ensured 



inhibition of all membrane currents except those of Ca^"*", we 
recorded a unitary activity in an inward direction that had 
a resolvable amplitude only at potentials more negative than 
the resting potential of the cell. In order to examine this 
type of activity at a broad range of membrane potentials 
and at the same time measure its I-V relationship, we 
employed a complex pulse protocol consisting of two steady 
levels of hyper- and depolarizing potentials connected to 
each other with a voltage ramp (F^). The pulse protocol 
together with the single-channel traces are shown in Fig. 3^4. 
In order to construct the I-V relationship, we thoroughly 
inspected each trace and used the cursor procedure to select 
those portions of the traces in response to voltage ramps 
th^it contained openings of only one channel (overlapping 
openings and closed states were discarded). Single-channel 
amplitudes corresponding to each ramp voltage were 
averaged, then the resulting curve was smoothed and placed 
in the I-V coordinates (Fig. 3^). The resultant I-V plot 
showed strong rectification in the inward direction. The 
currents at potentials dose to and more positive than the 
resting potential were beyond the resolution limit, therefore 
the slope conductance was determined by the linear fit of 
the I-V plot at potentials of —40 to —120 mV (relative to 
Vj) where unitary amplitudes could be adequately resolved. 
This linear fit produced a slope conductance value of 
3-2 ±0-4 pS(n = 5). 
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Figure 3. The activity of single store-dependent Ca**^ channels 

A, single-channel recordings obtained in response to the consecutive application of voltage-clamp pulses 
(shown in the upper panel, IDs interpulse interval) to the cell-attached patch in TG-treated LNCaP cells; 
superimposed continuous lines indicate zero current levels; downward deflection corresponds to the inward 
current. The recordings presented probably reflect the activity of two store-dependent Ca^'*' channels. 
Dotted lines indicate two levels of single-channel amplitudes of -0*35 and -0-7 pA. B, the I-V relationship 
of the single store-dependent Ca^"^ channel; the I-V plot was constructed from the ramp portions of single- 
channel recordings by selecting the parts corresponding to the opening of one channel (overlapping openings 
and closed states were discarded) with subsequent averaging and digital smoothing of the resulting curve to 
reduce noise; superimposed linear fit provides the value of the slope conductance (^q) of 3*2 pS. 
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Figure 4. Temporal changes in apoptosis and in the cytosolic Ca**^ concentration of the LNCaP 
cells under physiological conditions of 2 mM extracellular free Ca*"^ 

A, temporal changes in apoptosis of the LNCaP cells (estimated by the number of apoptotic cells) treated 
\^'ith 0*1 /tM TG, 0*5 mM Ni^"*" or 0*1 /tM TG combined with 0*5 mM Ni^^ B, temporal changes in cytosolic 
Ca^"*" concentration of the LNCaP cells treated with 0*1 /tM TG, 0*5 mM Ni^"^ or 0*1 /tM TG combined with 
0-5 mM Ni*"". 
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Figure 5. Temporal changed in the apoptosis of LNCaP 
cells under conditions of low extracellular free Ca^"*" 

Cells were treated with 0*1 /tM TG in 2 mM free Ca*"^, with 
0*1 /tM TG in 200 nM free Ca"^ or with 200 hm free Ca^"^ 
medium. 



The following lines of evidence support our notion that the 
unitary activity described thus far is associated with the 
activation of single store-dependent, plasma membrane Ca^"*" 
channels, (i) This activity was only observed in TG -treated 
cells; no similar activity was found in the cells under normal 
conditions, (ii) The activity shows strong inward rectification, 
typical of Ca^'*'-selective channels, (iii) Neither K**" (Skryma 
d al 1997, 1999) nor CI" (Y. M. Shuba, unpublished 
observation) channels known to be present in LNCaP cells 
would be capable of producing a similar type of activity 
under these experimental conditions used, (iv) SOC has no 
similarity to the TG-independent Ca^'''-perraeable 23 pS 
cation channel recently reported by Gutierrez et al (1999) in 
LNCaP cells, 

Thapsigargin induces apoptosis in LNCaP cells 

Hoescht staining was used to determine apoptosis induced 
by TG treatment. Under control conditions, in the absence 
of TG, the percentage of apoptotic cells was less than 1 %. 
Typical apoptotic features induced by treatment with 
0*1 /^M TG for 24 h are shown in Fig.6a TG-induced 
apoptosis was also detected by the TUNEL technique 
(Fig. 7(7). TG induced apoptosis in a time-dependent 
manner (Fig. 4^), with 7, 24 and 77% of cells reaching 
apoptosis at 24, 30 and 48 h, respectively 

Sustained elevation of cytosolic Ca** due to SOC 
activation is not required for induction of apoptosis by 
thapsigargin 

As it has previously been reported that I^ior^ activation, 
leading to a sustained increase in cytosolic Ca^**^, is required 
for TG-induced apoptosis in androgen-insensitive prostate 
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cancer cells (Furuya et at. 1994), we tested this hypothesis 
in androgen-sensitive prostate cancer LNCaP cells. 

To determine whether the I^^^^ in LNCaP cells is important 
in apoptosis induction by TG, we examined the ability of 
TG to induce apoptosis under different experimental 
conditions. In patch-clamp experiments, /gtore 
completely abolished by 0*5 mM Ni^"^ (Fig. 2B). According 
to the hypothesis stated above, TG-induced apoptosis 
should decrease in cells treated with 0*5 mM Ni^"*". 
Unexpectedly, TG-induced apoptosis was significantly 
potentiated by treatment with 0-5 mM Ni'^"^ (Fig. 4^4) 
whereas cell treatment with 0*5 mM Ni^"*" alone did not 
induce apoptosis in LNCaP cells (Figs 4.4, 6^ and IB). This 
enhancement of cell death was mostly visible after 24 and 
30 h (25 V5. 7% and 41 vs. 24% of apoptotic cells for 
TG + Ni^"^ and TG at 24 and 30 h, respectively). It 
therefore seems that Ni^"*" does not enhance cell death any 
further after 48 h treatment (84 vs, 77 % of apoptotic cells 
for TG + Ni'^'^ and TG, respectively). Apparently, blocking 
the store-operated Ca^"*" current facilitates and accelerates 
TG-induced apoptosis. Figure dD shows the apoptotic 
features of LNCaP cells after combined treatment with TG 
and Ni^*^ for 24 h. These results were also confirmed by the 
TUNEL technique. Figure 7 shows the apoptosis detection 



in LNCaP cells treated with TG (Fig. 7(7) and with TG 
combined with Ni^"" (Fig. ID) for 24 h. To assess how [Ca^"*"], 
is affected by these apoptosis -inducing conditions, we 
compared cytoplasmic Ca^"*" levels in LNCaP cells after 24, 
30 and 48 h treatment with TG, Ni^"^ and TG combined 
with Ni^'*'. [C3?'^\ remained at high levels throughout the 
48 h, arid even longer when cells were treated with TG 
alone, while the [Ca^^]| level in cells treated with Ni^"*" or TG 
combined with Ni^"*^ was almost the same as that of the 
control (Fig. 4^). This indicates that a sustained high level 
of [Ca^"*"], is not required for induction of apoptosis by TG 
and its subsequent development. 

To confirm that blocking Ca^"^ influx potentiates rather than 
inhibits TG-induced apoptosis, we then assessed the 
influence of decreasing the extracellular Ca^"*" concentration. 
The Ca^'^-deprived medium contained no added Ca^"*" and 
dialysed serum was used to remove Ca^"*" contaminants (as 
well as other low molecular weight species) in addition to 
01 mM EGTA to buffer the free calcium concentration in 
the extracellular solution (see Methods). This gave a Ca^"*" 
concentration of 200 nM. As shown in Fig. 5, the Ca***"- 
deprived medium potentiated the apoptosis induced by TG 
in a time-dependent manner without having any action on 
its own. The potentiation of TG-induced apoptosis due to 
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Figure 6. LNCaP prostate cells (staining with 5 ml"* Hoescht) undergoing apoptosis due to 
treatment with thapsigargin 

A, control cells; cells treated with 0*5 mm Ni^"*" (24 h); C, cells treated with 0*1 /tM TG (24 h); B, cells 
treated with 0- 1 TG -I- 0-5 mM Ni''^ (24 h). 
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decreasing the extracellular calcium was similar to that 
caused by nickel. Indeed, we observed that TG-induced 
apoptosis was enhanced by 340% (34 h) and 170% (30 h) by 
a Ca^'^-deprived solution compared with 310% (24 h) and 
160% (30 h) by nickel. Reduction to even lower Ca^"*^ levels 
with 1 mM EGTA (giving 20 nM free Ca^'^) in the external 
medium also led to an enhancement of TG-induced 
apoptosis. However, in this condition, the Ca^"^-deprived 
medium had an apoptotic action on its own (20, 28 and 88% 
of apoptotic cells at 24, 30 and 48 h, respectively; data not 
shown). The effects of Ni^"^ and low extracellular Ca^"*" were 
really due to enhancement of TG-induced cell apoptosis and 
not due to necrosis. This was confirmed by an increase in 
the morphological indicators of apoptosis, i.e. the extent of 
internucleosomal degradation and DNA ladder formation 
(data not shown). Furthermore, the percentage of cells 
excluding Trypan Blue was not affected by incubation with 
0-5 mM Ni^"*" or 200 nM free Ca^"^ medium for more than 72 h. 

Transient [Ga?% increase due to depletion of Ca***" 
stores is not responsible for apoptosis induction by 
thapsigargin 

As thapsigargin is still capable of inducing a rise in 

[Ca^"], 

in the absence of extracellular Ca^"^, due to a passive leak of 



Ca^"*" through the ER membrane, we checked whether this 
initial transient increase in [Ca^^Ji was involved in apoptosis 
induction. To eliminate the transient rise in [Ca^^Ji, LNCaP 
cells were incubated for 20 min in the presence of 50 /iM 
BAPTA-AM, an intracellular Ca^"^ chelator, and in the 
200 nM free Ca''' medium (with 0-1 mM EGTA). This 
procedure resulted in sufficient intracellular Ca^"*" buffering 
to completely eliminate the transient rise in [Ca^**"]! that 
occurred when thapsigargin was added to a Ca^**'-free 
medium (not shown). In BAPTA-loaded cells, [Cs^^]^ was 
69 ± 9 nM. [Ga^'^'l was 65 + 7 nM 150 s after TO addition, a 
concentration not different from that before TG addition. 
BAPTA-AM treatment for 20 min without TG did not 
induce apoptosis in LNCaP cells (< O'l % of apoptotic cells 
in control after 48 h and < 0* 1 % of apoptotic cells afler 
48 h following 20 min incubation with BAPTA-AM). The 
cells were then treated with 0*1 /iM TG for 48 h and the 
percentage of apoptotic cells was compared with that of cells 
not loaded with BAPTA. The ability of TG to induce 
apoptosis in LNCaP cells was not reduced by BAPTA 
loading in these conditions (70 ± 6 % apoptotic cells in 
BAPTA-loaded, TG-treated cells, as compared with 
71 ±8% in TG-treated cells in the 200 nM free Ca^"^ 
medium). 






Figure 7. Thapsigargin-induced apoptosis detection in LNCaP prostate cells using the TUNEL 
technique 

A, control cells; 5, cells treated with 0*5 mM Ni'^'' (24 h); C, cells treated with O'l /£M TG (24 h); A cells 
treated with 01 /fM TG -H 0*5 mM Ni*"*" (24 h). 
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DISCUSSION 

The present study demonstrates that emptying intracellular 
Ca'*"^ stores by SERCA pump inhibitors stimulates a Ca^"^ 
current, /store* through specific store-operated channels 
(SOCs). in androgen-sensitive human prostate cancer 
LNCaP cells. These channels are activated by intracellular 
store depletion, and had not previously been identified and 
characterized in prostate cells. 

The presence of store-operated Ca^'*' entry has been 
documented in a large variety of cells, mainly on the basis 
of measurements of intracellular Ca^"*" levels after store 
depletion by thapsigargin. The first electrophysiological 
demonstration of a store-operated Ca^"*" current was carried 
out in mast cells by Hoth & Penner (1992), who called it Ca^"*" 

release-activated current (/crac)- /crag ^ 
characterized store-operated Ca^"*" current. It is known to be 
activated by depleting intracellular Ca^"*" stores and has the 
hi^est selectivity for Ca^"^ over other cations (Hoth & 
Penner, 1992; Zweifach & Lewis, 1993; Berridge, 19956). 
Recent studies using patch-clamp techniques have now 
clearly established the existence of a number of store- 
operated Ca^^ currents in several non-excitable cell types, 
differentiated by their unitary conductance, selectivity and 
pharmacology (for review see Parekh & Penner, 1997). 
Regardless of some differences in channel properties, store- 
operated channels form a family of channels characterized 
by several specific, common features. The first of these 
properties consists of current activation by emptying the 
intracellular calcium stores, \ising a variety of procedures. 
In our experiments, 1^^^^ was identified by emptying intra- 
cellular stores using TG. As in basophilic leukaemia (RBL) 
cells, or Jurkat T cells, I^^^^ in LNCaP cells appears to be 
the critical Ca^"^ influx pathway as LNCaP cells do not have 
voltage-activated Ca*"^ channels (Skryma et al 1997, 1999). 
The second important property of I^^^^ is its characteristic 
voltage dependence. I^^^re ^"^^ ^ considered as a voltage- 
independent Ca^**" current, as it is not gated by membrane 
voltage changes (Zweifach & Lewis, 1993; Hoth & Penner, 
1993). However, once it has been activated by store depletion, 
^Btore increases when the membrane potential shifts toward 
negative values. The current- voltage relationship also 
shows a pronounced inward rectification at negative voltages 
(Zweifach & Lewis, 1993; Hoth & Penner, 1993). The /^tore 
reversal potential was above +50 mV, as expected for 
selective Ca^"*" currents. Changing external Na"*" had no 
significant effect on 1^^^^ in LNCaP cells, demonstrating 
that Na"*" does not permeate the channel in the presence of 
external Ca^"*'. Lt^r-^ was inhibited by Ni^"^ and La^^ thus 
corresponding to the typical pharmacological profile of 
store-operated currents in other cells (Schlegel et al 1993; 
Grudt et al 1996). SK&F 96365, one of the proposed 
inhibitors of capacitative Ca^^ current, did not inhibit /store 
in LNCaP cells. However, blocking the Ca^^ current with 
this inhibitor is not evidence for capacitative current as it 
can also block other channels in similar concentrations 
(Franzius et aZ. 1994). 



The unitary conductance of the igtore channel was identified 
as approximately 3" 2 pS, which is rather large in comparison 
with classical Iqkac single-channel conductance, which is 
usually under 1 pS (Zweifach & Lewis, 1993; Parekh & 
Penner, 1997). Large single-channel conductances of 2 and 
11 pS were also observed for store-operated currents in 
A4:31 epidermal cells (Liickhoff & Clapham, 1994) and 
endothelial cells (Vaca & Kunze, 1995), respectively. However, 
in our experiments, as in other cell models (Liickhoff & 
Clapham, 1994), the I-V relationship for store -operated 
channels is non-linear. For a non-linear I~V relationship, 
the slope conductance is a function of potential. When 
comparing values obtained in different cells it is, therefore, 
necessary to consider not only specific ionic conditions but 
also the range of membrane potentials at which they were 
determined. This makes separating store-operated channels 
by their single-channel conductance quite a challenging 
task. Thus the properties of SOC in human cancer prostate 
LNCaP cells suggest that it belongs to the *store-operated' 
channel family, but it may be not the same as classical CRAC. 

Our study provides the first direct demonstration and 
characterization of a store-operated current in prostate cells. 
SOC characterization could be of great interest in prostate 
cancer studies as these channels were suggested to be the 
target of a Ca^"** -influx inhibitor, which has been found, in 
clinical trials, to slow down the growth of certain aggressive 
cancer cells (Kohn et al 1 996), We studied the role of SOCs 
in TG-induced apoptosis in androgen-sensitive prostate 
cancer LNCaP cells. TG induces apoptosis in many cell 
types (Furuya et al. 1994; Gill et al 1996; He et al 1997; 
Bian et al 1997). Based on the changes in Ca^"** homeostasis 
induced by TG, three hypotheses can be proposed to explain 
the apoptosis induction mechanism. Apoptosis is induced 
by: (i) a transient increase in [Ca^'*"]j due to a passive leak of 
Ca^"*" through the ER membrane, (ii) Ca^"*" pool depletion, or 
(iii) a sustained rise in cytosolic Ca*"** secondary to Ca^"*" 
entry through /gto^g channels. In this report we show that 
neither the transient nor the sustained increase in [Ca^"^]! is 
required for induction of apoptosis by TG. Our results show 
first that a sustained increase in [Ca^"*"]! via Isune activation 
is not required for TG to induce apoptosis in LNCaP cells 
because /gtore inhibition by the 200 nM free Ca^"*' medium or 
0*5 mM Ni^"*" did not abolish TG-induced apoptosis whereas 
the TG-increased cytosolic Ca^**" concentration was reduced 
to control values by the incubation in 200 nM free Ca*"*" or 
0*5 mM Ni^'*^-containing medium. Under these conditions, 
however, a transient rise in [Ca^"*"]! can still occur due to 
calcium mobilization from internal stores. We strongly 
buffered [Ca^^lj by preincubating cells with the Ca^*^ chelator 
BAPTA-AM to eliminate the transient rise in [Ca^"^]!, while 
the sustained rise was abolished by the absence of external 
calcium. This did not inhibit apoptosis induced by TG, 
suggesting that the transient increase in [Ca^'^]^ is not. 
responsible for apoptosis induction. These results, where 
cytosolic Ca^"^ is strongly buffered using BAPTA-AM, also 
exclude another possible consequence of ER depletion that 
might induce apoptosis: mitochondrial calcium overloading 
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(Berridge et al 1998; Green & Reed, 1998). These data are 
consistent with the findings of others on lymphoid cells 
(Berridge, 1995a; Bian et al 1997) and murine hypothalamic 
cell lines (Wei el al 1998), However, surprisingly, they are in 
contrast with those described in androgen-insensitive 
prostate cancer cells (Furuya et al 1994). In these cells, as 
in thymocytes (Jiang et al 1998), TG-induced apoptosis was 
inhibited by preincubating cells with BAPTA-AM, or by 
overexpressing the cytosolic Ca^"^-binding protein calbindin. 
On the basis of these results, a sustained increase in 
cytosolic Ca^"^, mediated by a store-operated Ca^"*" current, 
was considered to play a role in apoptosis induction by TG 
(Furuya e< a/. 1994). 

Our results therefore suggest that Ca^"^ pool depletion, and 
not an increase in cytosolic Ca^"^, induces apoptotic cell 
death in androgen-sensitive human prostate cancer cells. In 
addition, our data show that TG-induced apoptosis was 
enhanced (see Figs 4^ and 5) by 0*5 mM Ni^"*^ and a low 
external free Ca^"^ concentration (200 nM free Ca^"^). 
Therefore, blocking capacitative Ca^"*" entry potentiates 
apoptosis induced by TG. This reinforces the hypothesis that 
Ca*"^ pool depletion is involved in apoptosis, since an 
increase in cytosolic Ca^"^ due to capacitative Ca^*^ entry 
(inhibited by Ni^"^) would be required for optimal ER pool 
filling and apoptosis inhibition. It should be noted that 
decreasing external calcium to very low levels using 1 mM 
EGTA (20 nM free Ca^"*") led to apoptosis on its own. This is 
certainly due to the inversion of the Ca^"*" concentration 
gradient in comparison to physiological conditions (the 
intracellular Ca'*"^ concentration of LNCaP cells is usually 
about 100 nM). The intracellular Ca^"^ stores are depleted in 
response to the decrease in cytosolic Ca^"*" concentration (in 
turn induced by stimulation of the Ca^"^ pump of the plasma 
membrane by low extracellular Ca^"*"). This calcium gradient 
hypothesis may also be confirmed by the fact that, under 
low external calcium conditions (200 nn), where values are, 
however, higher than the intracellular Ca^"*" concentration 
(100 nM), apoptosis was not observed in the absence of TG 
(< 1 % of apoptotic cells at 48 h). Similarly, this does not 
occur with Ni^"^ because the Ca^"^ gradient is not perturbed. 

Our data are in agreement with those of Distelhorst and 
colleagues (He el al 1997) on WEH17.2 lymphoma cells. 
These authors suggested that ER calcium pool depletion by 
TG could trigger apoptosis and that overexpression of the 
Bcl-2 anti-apoptotic protein, which anchors to intracellular 
membranes, maintains Ca^"*" homeostasis within the ER, 
thereby inhibiting apoptosis induction by TG. 

The exact mechanism by which calcium pool depletion 
induces apoptosis is not known. The high levels of Ca^"*' 
within the lumen of the ER are essential not only for Ga'''^ 
signal transduction, but also for protein synthesis and 
processing, and cell division (Sambrook, 1990; Koch, 1990; 
Kuznetsov et al 1992; Gill ei al 1996; Jiang et al 1998). 
Three potential mechanisms by which ER depletion might 



contribute to apoptosis have been proposed (He el al 1997): 

(i) depletion of the ER Ca^"^ pool might destabilize the 
Ca^''"-protein gel and its associated membrane, leading to 
vesiculation and the formation of apoptotic blebs; 

(ii) disruption of protein processing and transport within 
the ER may contribute to TG-induced apoptosis; (iii) TG- 
induced ER Ca^"*" pool depletion releases an endonuclease 
into the nucleus responsible for DNA fragmentation. Thus 
the decline in ER calcium levels leads to the activation of 
stress signals that switch on the genes associated with death. 
Although the importance of intraluminal ER Ca^"^ storage in 
apoptosis appears to be evident, other mechanisms 
depending on extracellular, cytosolic, mitochondrial or 
nuclear Ca^"*" have been shown to contribute to apoptosis in a 
variety of cell models (Dowd, 1995; Marin et al 1996; 
McConkey & Orrenius, 1997). Therefore, the general 
applicability of the store-depletion hypothesis is doubtful 
and the relationship between intracellular Ca^'*' stores, Bcl-2 
and apoptosis may be cell specific. 

The reasons why the diflferences between androgen- 
dependent and androgen-independent prostate cancer cells 
are associated with changes in Ca^**" store-dependent 
mechanisms involved in apoptosis remain intriguing. It is 
known that such progression is also associated with 
expression of the intracellular membrane protein Bcl-2 
(Raffo et al 1995; Chaudhary et al 1999). Bcl-2 expression 
modulates intracellular signalling and preserves the integrity 
of the ER Ca^"^ pool in cells exposed to various apoptosis- 
inducing stimuli, including cytotoxic Ca^"^ ionophores, TG 
and reactive oxygen species (Disthelhorst et al 1996; He et 
al 1997). Moreover, it has been shown that Bcl-2 preserves 
the ER Ca^"*" store via an upregulation of calcium pump 
SERGA gene expression. Bcl-2 may possibly interact with 
this pump as well (Kuo et al 1998). Interestingly, the 
androgen-insensitive DU-145 cells do not express Bcl-2, but 
rather Bcl-X(L) (Shirahama et al 1997), which^ is poorly 
expressed in LNCaP cells. Wang et al (1999) have shown 
that apoptosis induction by TG in DU-145 cells requires an 
increase in cytoplasmic Ca^**" since it activates the Ca^"*"- 
activated protein phosphatase calcineurin that was found to 
dephosphorylate BAD (proapoptotic member of Bcl-2 
family), thus enhancing BAD heterodimerization with 
Bcl-X(L) (but not with Bcl-2) and promoting apoptosis. 
Another Ca^"^ -regulating protein, calreticulin (Krause & 
Michalak, 1997), has been identified in prostate cells (Zhu & 
Wang, 1999). The expression of this hi^ly conserved intra- 
cellular Ca^'^'-binding protein in the lumen of the 
endoplasmic reticulum is regulated by androgen (Zhu et al 
1998). The downregulation of calreticulin by androgen 
ablation correlates with apoptosis and the upregulation of 
calreticulin by androgen replacement in castrated rats 
correlates with proliferation and differentiation of epithelial 
cells in the prostate (Zhu et al 1998; Zhu & Wang, 1999), 
The induction of calreticulin by androgen in prostate organ 
culture partially resists protein synthesis inhibition, 
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suggesting that calreticulin is a direct androgen-response 
gene (Zhu et al 1998). Furthermore, Mery et at. (1996) have 
shown in a mouse L fibroblast cell line that overexpression 
of (jalreticulin increases intracellular Ca^"*" storage and 
decreases store -operated Ca^"*" current suggesting an active 
involvement of calreticulin in intracellular Ca pool 
refilling regulation. Thus, as calreticulin is a major intra- 
cellular Ca^'^-binding protein involved in Ca^"^ homeostasis 
and is regulated by androgens, it could be a promising 
candidate for mediating androgen regulation of intracellular 
calcium levels in prostate cells. Thus the differences in Ca'^'^- 
dependent apoptosis induction between androgen-dependent 
and androgen-independent prostate cancer cells may be 
explained by the differential expression of apoptosis- 
regulating proteins (Bcl-2, Bcl-X(L), calreticulin). 

In summary, we have characterized the Ca^"''-regulated 
mechanisms involved in thapsigargin-induced apoptosis in 
androgen-sensitive human prostate cancer LNCaP cells. We 
suggest that a decrease in ER calcium is the major factor in 
apoptosis induction in these cells; however, direct 
measurement of the Ca^"*" concentration in ER lumen would 
be required to confirm this statement. In contrast to the 
situation in androgen-insensitive prostate cancer cells, the 
activation of /gtore* responsible for ER refilling, and 
increasing cytosolic Ca^"*" are not required for TG -induced 
apoptosis. Further studies are needed to identify the precise 
Ca^''*-regulated mechanisms involved in the progression of 
prostate cancer cells from androgen dependence to androgen 
independence. 
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Calcium and calmodulin play significani roles In DNA synthesis and cell proliferaiian. In 
ihis wotk ihfi effects of verapamil, trinuopcrazinc, and lamoxifen on ""^Ca uptake and cell 
growth in human pitvstiatic tumor cells (DU 145) and human fibroblast ccll?^ ( I BR) were 
studied. Although the majcimum pmliferation was achieved ai a ccinceniraiion of around 2 
TTiM CaCI, in both DU 145 and 1 BR. growth of DU I4S cells was coniidcrably iccatc^than 
1 BR ai all calcium concentrations (0.1-4 mM). Calcium uptake experiments, using Ca, 
revealed that the unsiimuUtcd ""^Ca uptake in I BR fibroblusu wa* 4 5 times higher than 
in DU 145 cancer cells. Depolarization with high extfacellular K caused a 2-3-fold Increase 
in ^^Ca influx in 1 BR but only 25-55% increase in DU 145 cell*. Verapamil caujed a 
tignificani inhibiiion of cell growth with an TC^o value of 55 pM, Verapamil paradoxically 
increased *^ uptake in both unstimulated and K-slimolated DU 145 cells. Whcreai 
oostimulaicd '^'Ca uptake could be blocked by very low concentrations of lathanura (10 
much higher concentrations (I-IO mM) were required lo completely block up<akc in 
K-depolarizcd cclh. Doth trifluoperazine and tamoxifen also inhibited cell prolifcraiion 
with an IC^ concentration of approximately 5 jxM. These drugs, had, however, no cflcct 
on ^''Ca uptake cither in unsiinmlated or depolarised cells. The results suggest thai voliage- 
gatcd caldum channels exist in both DU 145 cancer cells and Hhroblasis. However, vc- 
rapamU. in contraM ii> l BR. failed to block these channcU in DU 145 cells. The mechanism 
of antipn>Uferaiive aaion of verapamil may be lelatcd to the observed, although paradox- 
icdl. increase in cellular calcium. The ctTect of trifluoperazine and tamoxifen does not 
involve changes in transmcmbrw calcium movements but could be mediated by their 
inhibition of calmodulin-mediaied reactions within the cell. 

Key words: calcium channels, cell proliferation, wrapamlL tamorifen 

INTRODUCTION 

Cell calcium metabolism is intimaicly involved in the regulation of many bio- 
logical and biochemical activities. Data from several recent studies have shown ihai 
calcium and/or calmodulin play significant roles in DNA synlhc$is and cell prolifer- 
ation [1-4J. During the pre-replicative stage of the cell cycle at the 0,/$ border the 
calmodulin level is increased and at anaphase initiation the intracellular ionic calcium 
is increased (51- This Gl/S increase can be inhibited by caknodulin antagonists. 
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causing a blwk in DNA syntliesis [l,6-8J. It has also been reported thai caJmoduUrj 
levels are significantly elevated in exponentially growing traiwfonned cells JQ.lOl. lei 
addition, the levels of calcium and/or calmodulin are increased in hepatomas [1 1-1 3} 
and in human mammary tumor tissue (14]. Thus, prolonged abnormally high Icvelsj 
of calcium and/or calmodulin may lead lo a bypass of critical steps during ccif 
proliferation. This biochemical abnormality may be linked to the relatively autnno-j 
mous cell growth associated with cancer 12. 8J, j 

Available information on the degree of dependence of cancer cell proliferatiori 
on extracellular calcium is fragmentary and contradictory 14.15-17]. The weight ot 
die evidence favours the argument that the requirement for extracellular calcium fo^ 
wrowth of cancer cells is not as critical as that of normal cells [18.19]. In contntst tc| 
The requirement of calcium for cell growih. a sudden increase in intracellular, pari 
ticularly intranuclear calcium, and the resulting increase in endonucleases appears uj 
be an early event in programmed cell death [20,21], 

In addition to the basic imponance of inttacellular calcium ion concentralKm i:j 
the regulation of cell growth and cell death, recent observations on the reversal nt 
multidrug resistance lo chemotherapeutic agents by certain calcium channel blocker^ 
has aroused considerable interest. One basis for chemorcsiiiiance with>n a given tumo^ 
cell resides with the ability of that cell to extrude cytotoxic compounds via an acnv^ 
mechanism, thereby effectively reducing the available intracellular drug concentra| 

tion [22] . , 

Verapamil, and similar substances that have been shown to reverse multidrug 
resistance, may retard active outward transport of drug [22-24] , may increase ox ygei) 
and ATP utilization [25]. may ttsduce intracellular pH [26], and may interfere wiin 
calcium-regulating mechanisms [27.28]. However, in cancer cells there are iio dcarj 
cut data showing the effect* of these agents on the entry of extracellular calcium it> 
unstimulated cells or during the activation of the so-called voltage-depeijdent calciun^ 
channels. In a preliminary study we found that verapamil paradoxically caused a^ 
increase in cellular calcium in prostatic cancer cells [29|. i 

In order to delineate these various mechanisms in the present study, we havf 
cxantined the effects of some calcium channel blockers and calmodulm inhibitors oj 
both cell growih and *-'Ca influx in human prostatic tumor cells. Sensitivity tf 
extracellular calcium was also examined in normal human fibroblasts for comparisor| 
Although epithelial ccll.<! from normal human prostate would have been the roof 
appropriate control cell type for DU 145 cells, unfortunately they do not readily 
proliferate in culture. | 



MATERIALS AND METHODS 
Chemicals 

"^CaClj (10 mCi/ml. 15-50 mCi/mg) was purchased from New England N j- 
clear (Boston. MA). Verapamil and nifedipine were gifts from Knoll and Baydr 
Phamaccuticals (Ludwigshafen and Eiberfeld. Germany), respectively. TnHuopej- 
arine. tamoxifen, and lanthanum chloride were purchased fiom Sigma Chemical K,q. 
(St Louis. MO). Whereas verapamil and trifluoperazine were dissolved "» Hanic? 
balanced sak solution (BSS) (Grand Island Biological Co.. Grand Island. fJY) tj- 
inoxifen and nifedipine were dissolved in cthanol at 5 or 10 mM. respectively, arp 
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Cell Lines 

The established cell lines used in ihis work were nil 
from a lesion in the brain of a nanVn u,;.i, vr ! " <^erive<l 

prostate, and I BR aSbltSnl^ wuJcspread metasuric careinoma of the 

and I BR b, Dr. A Ur^L^Un'S ^ o^^^^ ("SA). 
as monolayer culture; in minJ™,,r!cI . ■ ^^^i' ' ^^^lls were grown 

incubated at 3TC in 95% rn i-, . u -l^^r- isiana. NY). The cells were 

wa. changed cver^ 2 J^, ' '""""""'^ '^^'^^ "^^iun. 

Cell Growth Experiments and Cytotoxicity 

the gr^S o?DU iTa^S^B^ee^'t "'''"^ -"""'ration of calciun. for 
were plated on day 0 in 60-ram Petri dishe* (Fa'on No ^0^2 Fa L^ P T 

added toVeplica "dishc:. C^^^^^^ ^ l™''^'? 
every second day and experiments concIuJS on dfvT tIT^T^%^-'^ "^"^cd 
ment, cells were incubated in calcium-free MEM fGiBbo rT Ti'^""'- 

fmrnorr'f ^'•'^"^^ added o the I dtm S 

Ja>m tnplicate cultures for each treatment were harvested by trypTtaiSnTnd 
pe«ed..nto ...ngle cell suspension with calciuin- and magnL^m^-fJ^lJaSc^BSq 

Calcium influx and Uptake 

rf eTcT by a modification^^S^^f SlS^^^^^^^^ f/or^^, JJ^ 

oTi ?i?i'iSsG :z 3"i&^t 

was 12-15hpriorto the experiment After sucS„.^^^^^^^^ 
attached to the bottom of the pl/tj wem w« h^^^^^^^ 

calcium- and mafine$Sm.frec Ha^;'R«7i, .r '^ ^ of nonradioactive 
for 20 min in 3 mf oJ NaS^E^S^Lfrf ' '^^ ^-^npre-incu bated at 25'>C 

MkCI n 2vAX JJ^'-^EPES buffer contaimng (mM) NaCI (135): KCI (4 6)- 
'*»t>»-Ja U 'i), CaCI, (1 .5); glucose HIV and HPPPC nrw » i- . j . 
had been bubbled with 100% O for lo'^n T *^J'^'«1 U> pH 7.4, which 

the amount of calaZ aSumulaS n^L^H.T'l S" ""'^'^ '^^""'"^ 
were incubated in 3 m"! n~a"'^?;S c.,'s 

a trace oi (0.5 ^Ci/mJ), Ctlls were incubated at 25*'C for 1 min to 
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• — r nn ihe srowih of DU t45 human pruttatic tumor cells} 
Fig. 1 . Effcci of diffcreut eonc«Hr.t.««5 of C^l: "» *X x 10>). 24 aficr plating, wciej 

,3 1 BR hmnan fib,obl«t "V^"";^^^^^^ S^^r^h,^ fe.a. calf s«um.i 

v/ashed aiKl rcfcd with 3 ml cdcium-fnce "^^J^*^"^ 7 a<.ys wiih or wiAont CaQ, in 

which showed less i>ian lO^Jt vananon. 

extrusion ot '"^^ ^ 5 N NaOH was added to each plate and let 

131]. After the th.rd wash, ^ °f ^ S N NaOH afi ^^^^^^ 

overrtight to digest the cells. ALquots (I ml) of "^^S^^^^sj, ^jefinea 
liquid titttillatior,spectn,photo,.eter (Packa^^ KCi 

(Na-HEPtS) buffer o.^ J^"^ i^^hc growth medium throughout ih^ 

: «l„^lu^d n^^^^^ ™count for any binding to cell -^^^^^^l; 

Ltcin in cell digest was d«ern.ined by the inethod of^^^^^^^ 
bovine serum albumin (Fmciion V, Sigma Chemical Co.. St. Uuis. MO) as ^ 



RESULTS 

The data in Figure I show the effcci of different concentrations of J 
cell g^wth The 1 BR grew poorly when calcium ^^^^^^ ^ 

fcoSer-ble incttase in cell growth was found between 0.6-2 mM CaCl„ and tlje 
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D IdT HrT ^ ^^"'^'"'"S up ro 4 mM OCI,. Com- 

pared 10 I BR the growth response of DU 145 cells was much grciiter al low calcium 
conccntratu,ns maximum proliferation being achieved with fmTc^rZ c^ 
cu a^cd EC,„ for DU 145 celk and 1 BR fibrobIas«s was 0 12 nlvi^d 0 6/i 
calcium respectively. Pr^liminaiy data on the tiu.c cours^or'iTt.^,ho^t S 

uptake doubled from 1 .o 20 nun incubation anJInct^a^Tlule iS 
-im in the nex, 20 min in both DU 145 cancer cells and 1 BR rSroSVSS^ 

incite"' ^^^^ ""'^^'^ - ^^'--'^ dat; 2?ran?1S'S 

in th«e SlY -r^ir?)'*'^'" ^°^"S«-«l'=P«"^n' 'nen^bnne calcium channels existed 

HighToSm m mM '^n? T"""^ ' ^'^ high-potassium solution 

' ign poidbsjum (80 mM KCI) solution was used to deDCilari>r cpU mpmKr^«^. -n. 

cauS a ?S f^M^"" * fi^^bla.ts. iJ^olarieation K) 

in DU UsltS S^plahe^J""" " i ^''^ ""'^ « 25-55% fn'c^Je!^^ 
>i.. L f <'aia were obtained only on DU 145 cells 

0>e gr^w^df rDu'^^^^^^^^^^^^ of diffe^nt concentrations of'v^pamil on 

with an JC (cnJ.., f- ^"^.P*™' <=auscd a significant inhibition of cell growth 

^ciis were exposed t the highest concentration (100 fxM) of vc- 
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Fi" 3 Fffect of (lifferem coTiceniraiiom of verapamil (VPM) on *c growth of OU H5 ' 
! 24 h orevUwilv at 10' cells m 3 «J medium. CclU were then grown ,n m«3.a coruining v«*o« 

viaWc cell, were eounted after 7 day. D»u .h«w„ are mean valufs ( 

SE from ihree sepkiriie cxperimeiws pcrfornvod in duplicate. • r» 



rapamil for 48 h, followed by a drug-free period of 4 days, and counted. It ^■^^f<f 
Snic cell v4ility was over 90%. indicating that the eflect of verapamil 

''''"ihe effect or verapamil on ^''Ca uptake in DU 145 cell, is illustrated in Rial 
4 Verapamil caused an increase in ^"Ca uptake in both unstimulated and K.st|n| 
laied Sfwiih the largest change occurring in unstimulated (Na) cclU^ Verap nf 
inhfbi ^ K-«S.uTated '^Ca uptle in libroblasts by 45% but had no effect -'4 
sJirnu aVed cells (data not shown). When ^^Ca was present m the ^owth mc4u| 
c^:t:l^^L....^ in DU .45 cells after 7 days «^-P^^^^^^^ 
of veranamil (75 aM) was doubled compared to that m control (Fig. 5). At 

:"Snr(up^^^^ .M). however, calcium uptake in these cKpenmcn^ M§ 
elevated. Nifedipine which is 10- 20 time.s more potent as "^'^^l,'^"^.,?^^^^^ 
than verapamil [33]. had at a concentration of 10 >tM no effect on Ca influx ^r n 
cell growth in DU 145 cells (data not Nhown). ^ . 

1.0W concentrations of lanthanum (10 jxM) almost completely Wo^''?^ f 
influx in unstimulated (Na) DU 145 but bad only a marginal effect on ^'^PO\in^^ ) 
cells (Fig. 6), Higher concentrations (I-IO mM) of lanthanum were resuiijd o 
eompleiely block ^Ca in depolarized DU 145 cells. Cell proliferation was|atfo 
inhibited to about 50% by I mM lanthanum (data not shown). j 

Effects of the calmodulin inhibitors tnfluoperazine and tamoxifen on, c, ' 
growth and "'Ca uptake in DU J45 cancer cells are shown m Figure 7 and . 
respectively. Both tamoxifen and trifluoperazine inhibited eel Pfl'f*,'^/'^"^" ' 
dependent fashion widi an IC,o coneentmtion of approximate y 5 )»M for both • 
These dnigs had. however, no effect on "'Ca influx either in unstimulated (l^)jj)r 
depolarized (K) cells (Fig. 8). 
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DISCUSSION 

ifie growth of DU 145 human prostate wncer cells and of 1 BR human CibTObl:^,^ 
Four to five . mes a. many viable DU 145 cells as tlbn^blasts can be StaSSTow 
c^cium-supplemented median,. These data suggest that even small amS^mTo? cal^ 
cmm. often present as a contaminant in the incubation medium, would be sXSt 
to support growth of cancer cells, which may explain the data in thi 
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in (Juplicaie. 

The much lower calcium uptake in DU14i c^^ proliferation to 

extracellular Ca as '=rP'''^,"lJ„\'°^^^^^ for extracellular calcium 

with previous observations showmg a «J f^j^ and arc essentially m 

ihe proliferation of c«ncer ce U "J* ° J^^^^^^an cancer cells, 
agreement >vith the t«cent data of Ch"* P^J on ova ^ ^^^^^^^ 

Vcrapuinil . which is known to bl^k he ct^uy eonceiwration for total 

dependent channels, inhibited cell tTJmsi tenfold higher than that 

gro^h inhibition in the present ^"^^^^ J^j^ 35^ <5^^^ d^^^ are in agreement wtlh 
ihich blocks calcium influx in cxcuablc cells I361_uv r .^.^.^.^^ ^^^^ 

The nxent fmdings in brain tumor f^^^^J^,^^^^^^^^^^ decreased DNA- 
between 25 and 50 piM verapamil. The^e , ^^la showing an 

Sa-. and protein synthesis aa:o^^^^^^^ calcium 

^.^Ca uptake in DU 145 celU both in ^^^l^'^^^^'^J^^^rtci previously i^ 
particularly in .he former. To our ^^o^J^fJ^^' utl ^^^ed tbSin rat osteoclasts 

dancer cells. Very ^^^^y'^^'^^u^^ ^^ ^^^^^^ '^'"^ ' 
verapamil at low micromolar concentrations uiu 
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at vciy high c<mcentrati0Dx (300 jiM or above) it Jed to a rapid and sustained 
elevation of intracellular calcium. Furihermore. ihey found that the effect of ve- 
Znlll T'u "«eocla«s since it was not observed in macrophages and 
l>mphocy-tes Alihougl, .n the present study we found an increase in cellular ^Icium 
by verapanuJ ,n DU 145 cancer cells, this was observed at much lower concentrS 
(75 ^M) of verapamil than that observed in osteoclasts by 7aidi et al. 1381 It is 
conceivable therefore that the growth-inhibitory effect of verapamil on tumo; cell! 
may be related to the increase in cellular calcium which waTquitc substaniial in 
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common pathway .nccU ^^^j^^'^'^Zl^c^eA c^ll de.th. Th/y Lggesied tt,.. 

endonaclea^. wa. an underlying 
an increase m the acuvny ui^ai^- Kta2*.Hcncndent cndonuc eases ap- 

pears w be one °f of an increase in calcium uptake by 

This would be co™P*'f''t "-« nt?147Su survival. The lack of effect of low 
verapamil and the ^ucnon m DU ej^ '^^';^[^^^,,^ calcium uptake 
concentrations (up to 30 ^M), ^J^") * : cellular calcium was 

detetlcd 11. ihesc J . ^ , „r Ntolcra e( al. (411 showing t 

fchis with . KUUvely small increment 

;::rrrrairn=.o»».^o;,^^^^^^ 

raoamU. Studies of this nature are in progress m our laboratory j 
Our data demonstrating the inability of ^^PJJ'' J' '"^^^^^^^^^^^ 
;-n,.v in nil 145 cells may also be ejiplatned by a possiDie cuai cuw-i «ij 

aum influx m DU\*5 cells y f verapamU may^ 

verapama on calcium nflux^Tbem^^^^^^^ accelerated entry of calciunv 

have partly masked the inhibition by vcrap , complete,; 

SveTyTerapamil might have an inhibitory effect on energy-dependent calcmnrj 
extrusion by the membrane calcium ATP-«>^e P"mp-^^ ^.^f^^ .^^ 

Lanthanum has previously been shown to block b«* Passiw 
. • ^sr* ;«riiiy in cardiac and smooth mujcle cells l^z.^jj. m 
c lannd-activated Ca mflux m cartnac anu » '"^ „-,«:ve entrv and accelerate^ 

known .0 iiirfM* «i'l> calnio4ili»-i«liM«<l acuo» »> ' i^'*'J°^f, = 

kt^i!}:.:r Aij^f rnSrrr^rr.roC 4 1 

SiS to. instates lh« tamoxifen is a oalroodylin 'f^' 
?haan.l Wockins agont |451, an inhibito, .(protein toas. C «!■ "^f^-^g 
even to be ». hislaniinie and cholinergic antagonist (47.48). Il therefore appears ly || 
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in addition to interfiertnce bv taintivirpn <n i 

events trigger««J bv estro Jn thic ^.i ? processing of intracellular 

This is c:mpS£S±^^J^^,;tir^ K '"^'""^^^ components, 

isolated microsolTScS fIJ? aSh °f ««^«^ifen in 

did nol affecr^^a uo^K^^^^ T^'^u^u- '"^ P«*^« experiments 

effccr o?trtltrgs't ^^^^^^^^ -"'^ 

drue< mieht act rhrn,.oh • J-k-.- V °^ *'*in the cell. Both 

cStiTl tSl pSL^r^ of calmodulin-Mitnulated enzymatic reaction, 
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Potassium Conductance in the 
Androgen-Sensitive Prostate Cancer Cell Line, 
LNCaP: Involvement in Cell Proliferation 

Roman N. Skryma. Natalia B. Prevarskaya. Luce Dufy-Barbe, 
Marie F. Odessa, Jacques Audin, and Bernard Duiy* 

Laboratory of Neurophysiology, University of Bordeaux II, Bordeaux, France 

BACKCJROUND. Very little is known about the expression of ion channels in prostate cells 
(both normal and malignant), and their possible role in physiological and pathological func- 
tions. We therefore studied ion conductances and their role in the proliferation of LNCaP 
cells, an androgen-sensitive human prostate cancer cell line. 

METHODS. We applied patch-clamp recording techniques for electrophysiological studies, 
and ^H-thymidine incorporation and protein content assays for cell growth studies. 
RESULTS. Only one type of voltage-dependent ion conductance, a potassium K* conduc- 
tance, was identified. This current, which was depressed by a rise in intracellular Ca^'^, had 
a high sensitivity to tetraethylammonium (TEA) (with half-block at 2 mM) and was also 
inhibited by 2 nM a-dendrotoxin (DTX) and 20 nM mast-cell degranulating peptide (MCDP). 

channel inhibitors inhibited [^H] thymidine incorporation and protein content, in a dose- 
dependent fashion, Indicating that K* channels are involved in cell growth. 
CONCLUSIONS. We conclude from our findings that the human cancer prostate cell line 
LNCaP has a new type of channel, likely to play an essential role in the physiology of these 
cells and, more specifically, in cell proliferation. Prostate 33:112-122, 1997. 
© 1997 Wiley-Uss. Inc. 

KEY WORDS: LNCaP cells; channels; patch clamp; proliferation 



INTRODUCTION 

LNCaP is an androgen-sensitive human prostate 
cancer cell line, derived from a lymph node of a sub- 
ject Mdth metastatic carcinoma of the prostate (1]. The 
growth of these cells, like prostate glandular cells, is 
extremely sensitive to androgens [2-5). For this rea- 
son, the LNCaP cell line has been extensively studied 
and used as a model for studies of prostate cancer cell 
growth [6-8]. Control of prostate cancer cell prolifera- 
tion is believed to depend on both external (hormones 
and growth factors) and internal signals that modify 
the activity of cell cycle proteins [9-12]. However, it is 
not clear which intracellular transduction mechanism 
from the cell surface to the nucleus mediates these 
processes. Several second -messenger pathways have 
already been shown to be implicated in the regulation 
of prostate cell proliferation: the protein kinase A 
(PKA) -dependent pathway [13,14], the protein kinase 



C (PKC) -dependent pathway [15], and the calcium- 
calmodulin kinase-dependent pathway [16]. In vari- 
ous cell models, membrane ion channels have been 
shown to be involved in these second -messenger 
transduction pathways [17.18]. Ion channels have also 
been thought to play an important role in the regula- 
tion of growth and proliferation. A number of studies 
have shown that the mechanisms promoting the cell 
proliferation and tumorization processes often involve 
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the activation of voltage- and/or calcium-activated 
potassium K"^ channels. Most of these studies were 
performed on T-lymphocytes, where channels may 
play a role in the triggering and/or support of mito- 
gen-induced proliferation [19-23]. Potassium channel 
blockers not only block lymphocyte voltage-gated po- 
tassium currents, but also inhibit mitogen-stimulated 
proliferation in long-term cell culture [21]. Experi- 
ments on other cell types have also implicated potas- 
sium channels in mitogenic responses [24] . Functional 
voltage-dependent potassium channels are necessary 
for the normal proliferation of brown fat cells in cul- 
ture [25]. The incidence of a 23-pS potassium channel 
is correlated to the rate of cell proliferation in breast 
carcinoma cells [26], while delayed rectifier potassium 
channels are involved in the control of melanoma cell 
proliferation [27]. It has also been suggested that K"^ 
channels are significant in cell transformation by on- 
cogene products: in mammalian fibroblasts, ras onco- 
gene expression is associated with the appearance of a 
Ca^*-activated current [28], and the oncogene 
product pp60 v-src profoundly modulates K* channel 
properties [29]. The signal transduction between ion 
channel stimulation and gene expression involves a 
series of specific serine-threonine and tyrosine kinases 
[30.31]. We have recently shown that K"^ channels are 
constitutively associated with JAK2 tyrosine kinase 
[32], known to be implicated in the proliferation and 
tumorization processes [33]. 

In prostate cells (both normal and malignant), the 
expression of ion channels, and their possible role in 
physiological and pathological functions, including 
proliferation, apoptosis. secretion, differentiation, and 
tumorization, have never been investigated. We pre- 
sent here the first electrophysiological study of andro- 
gen-sensitive prostate cancer cells, of the LNCaP line, 
using the patch-clamp recording technique. We show 
that these cells express voltage-activated Ca^"^- 
dependent K"^ channels but not voltage-dependent 
Ca^-*^ channels. We also show that these voltage- 
sensitive K"^ channels are involved in the control of 
LNCaP cell proliferation. 



MATERIALS AND METHODS 
Chemicals 

Tetraethylammonium (TEA), a-dendrotoxin (DTX). 
and mast-cell degranulating peptide (MDCP) were ob- 
tained from Sigma Chemical Co. (LTsle d'Abeau, 
France). Charybdotoxin (CTX) and iberiotoxin (IBTX) 
were obtained from Latoxan (Rosans, France). 



Cell Culture 

LNCaP cells from the American Type Culture Col- 
lection (Rockville. MD) were grown in RPMI 1640 
(Biowhittaker. Fontenay sous Bois. France) supple- 
mented with 5 mM L-glutamine (Sigma Chemical Co.) 
and 10% fetal bovine serum (Seromed, Poly-Labo, 
Strasbourg. France). The culture medium also con- 
tained 50,000 IU/1 penicillin and 50 mg/1 streptomy- 
cin. Cells were routinely grown in 50-ml flasks (Nunc, 
Poly-Labo) and kept at 37'*C in a humidified incubator 
in an air/Cox (9 5%/ 5%) atmosphere. 

Cells were subcultured in petri dishes (Nunc) or 
round glass coverslips coated with poly-omithine (5 
mg/1; Sigma Chemical Co.) for electrophysiology or 
microspectrofluorimetry. respectively. They were 
used after 4-6 days. 

Electrophysiological Recording 

The whole-ceil, cell-attached, inside-out. and out- 
side-out modes of the patch technique were em- 
ployed. The electrodes were pulled on an L/U-3P 
(List-Medical. Darmstad, Germany) puller in two 
stages from borosilicate glass capillaries (Clark, Pang- 
bourne Readings, UK) (1.5 mm in diameter) to a tip 
diameter of 1.5-2.0 p,m. Patch electrodes were coated 
with syigard and then fire-polished. The pipettes had 
an average resistance of 2-4 Mfi. 

Cultures were viewed under phase contrast with a 
Leitz-Diavert (Leitz, Wetzlar, Germany) inverted mi- 
croscope. Electrodes were positioned with Leitz mi- 
cromanipulators. Grounding was achieved through a 
silver chloride-coated silver wire inserted into an agar 
bridge (4% agar in electrode solution). 

An Axopatch-ID amplifier (Axon Instruments, Fos- 
ter City, CA) was used for tight-seal, whole-cell, out- 
side-out, inside-out. and cell-attached voltage clamp- 
ing. Stimulus control and data acquisition and pro- 
cessing were carried out with a PC computer, Tandon 
AT-80386 (Tandon. Moorpark, CA), fitted with a Lab- 
master TL-1 interface, using Pclamp 5.5.1 software 
(Axon Instruments interface and software). 

Electrode offset was balanced before forming a 
giga-seal. Seal resistances were typically in the range 
of 13-30 GH. Leakage and capacitative current sub- 
traction protocols were composed of four hyperpolar- 
izing pulses one fourth of the test pulse size, applied 
from the holding potential before the test pulses. Dur- 
ing data analysis, leak data were scaled and subtracted 
from the raw data. Series resistances were compen- 
sated. Series resistances were calculated before and 
after compensation. The series resistance averaged 
1.15 Mn and ranged from 0.4-1.7 Mft. Recordings 
where series resistance resulted in a 5-mV or greater 
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error in voltage commands were discarded. Currents 
were low-pass filtered at 2 kHz (whole-cell) with an 
8-pole Bessel filter (-3 dB; Axon Instruments) and dig- 
itized at 10 kHz for storage and analysis. 

Data Analysis and Statistics 

Peak currents in whole-cell recordings were mea- 
sured using the automatic peak detection function in 
the Clampan section of the Pclamp software. Late cur- 
rents measured isochronally were taken before the 
end of the pulse to avoid capacitative transients 
spread out by digital filtering. 

Single-channel data analysis was performed after 
elimination of capacity transients and leak current by 
subtraction of record averages without channel activ- 
ity from each current record. The openings and clos- 
ings of the channel were detected using the criterion of 
a 50% excursion between fully open and fully closed 
states to determine the occurrence of an opening or 
closing event, such as crossings of the line at a half 
distance between zero current level and a level corre- 
sponding to the average open channel amplitude. In 
this way. real current records were put into ideal form 
by setting all intermediate amplitudes to the level of 
zero current line or to the level of the average open- 
channel amplitude. The open probability was calcu- 
lated as the open-time integral divided by the number 
of channels in the patch and the duration of the data 
segment analyzed. The number of channels was esti- 
mated by examining the record for multiple openings 
under conditions of high open probability (P > 0.75). 
Ten-second data segments were analyzed for open 
probability estimates. 

Results are expressed as means ± standard devia- 
tion where appropriate. Each experiment was re- 
peated several times. Student's f-test was used for sta- 
tistical comparison among means and differences, 
with P < 0.05 considered significant. 

Recording Solutions 

For whole-cell voltage clamp studies, the standard 
extracellular solution contained (in mM): 140 NaCl, 5 
KCl. 10 CaClg, 2 MgClz. 0.3 Na2HP04. 0.4 KH2PO4. 4 
NaHCOa, 5 glucose, and 10 HEPES (N-2-hydroxy- 
ethylpiperazine-N'-2-ethano-sulfonic acid). The osmo- 
larity of the external salt solution was adjusted to 300- 
310 mosmol/kg with sucrose, and pH was adjusted to 
7.3 ± 0.01 with NaOH. To study ionic selectivity, ex- 
ternal KCl was increased to 75 mM and to 150 mM by 
replacement with equimolar amounts of NaCl. The 
recording pipette was filled with an artificial intracel- 
lular saline containing (in mM): 150 KGlu. 2 MgClg. 
1.1 EGTA (ethyleneglycol bis (b-aminoethyl ether- 



N.N.N'.N'-tetraacetic acid), and 5 HEPES (pH 7.3 ± 
0.01 with KOH). osmolarity 290 mosmol/kg. 

Free Ca^"^ concentrations in the range of 10 nM-1 
yM for the solutions, applied from the inner side of 
membrane, were buffered with 1.1 mM EGTA and 
were calculated using the method of Abercrombie et 
al. [34]. Calcium concentrations >1 \iM were achieved 
by adding the desired amount of CaCl2. 

To allow local drug application to the investigated 
cell, an additional '*pouring'* pipette with a tip open- 
ing of 10-30 jjim was used. This pipette was filled with 
the same extracellular saline as in the bath, and the 
drug under investigation was added to it in appropri- 
ate concentrations. The pipette was brought close to 
the investigated cell at a distance of 50-90 p-m. All 
experiments were performed at room temperature 
(20-22X). 

Microfluorimetric Assay of Cytosolic Ca^^ 

Intracellular free calcium concentration was mea- 
sured on individual cells using the fluorescent Ca^'^ 
probe indo 1. The method has been previously de- 
tailed [35]. Briefly, cells were loaded for 25 min in 
HBSS (in mM) (142.6 NaCl. 5.6 KCl, 2 CaClg, 0.8 
MgClg, 5 glucose, and 10 HEPES. pH 7.3, adjusted 
with NaOH; osmolality was 300 mosmol) containing 5 
^jlM indo-1 acetoxymethylester (indo 1 AM. Sigma 
Chemical Co.) and 0.02% Pluronic 127 (Molecular 
Probes, Eugene, OR). The cells were then rinsed three 
times and placed in HBSS for Ca^"^ measurements. 
Test substances were applied to the cells by low- 
pressure ejection from micropipettes (tip diameter 3-5 
(jiM) positioned 20 jxM from the cell membrane. 

Indo-1 was excited at 355 nm. and the emitted fluo- 
rescence was measured at 405 and 480 nm by separate 
photometers (Nikon, Paris. France). The voltage sig- 
neils from the photometers were divided on-line by an 
analog divider (AD 535, Analog Device. Norwood. 
MA). After subtraction of the mean background, the 
F405/F480 ratio was recorded on-line as a voltage 
trace of a pen recorder (Gould, Paris. France), digi- 
tized (TLl-DMA, Interface, Axon Instruments), stored, 
and analyzed on an IBM PC using Axotape software 
(version 1-2.0.1. Axon Instruments). 

Cell Proliferation Assays 

For ^H-thymidine incorporation and protein assay 
experiments, the cells were seeded in 24- well plates 
(Nunc) precoated with poly-omithine (5 mg/1) at 5 x 
10^ cells per well. K*-channel inhibitors were added at 
given concentrations 2 hr after plating. Each concen- 
tration was tested in quadruplicate wells, and experi- 
ments were performed at least three times. 
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^H-thymidine Incorporation Assay 

Forty-eight hours after the addition of channel in- 
hibitors. 50 nM of ^H-methyl-thymidine (ICN. Orsay. 
France, specific activity. 60 Ci/m mole) were added to 
each well for 24 hr. At the end of this pulse period, the 
medium was discarded, the cells were rinsed twice in 
RPMI, and chase was achieved by 2 hr of incubation in 
50 \xM unlabeled thymidine in RPMI. The chase me- 
dium was discarded and the cells were lysed in 0.1 M 
sodium hydroxyde. The lysis medium was neutralized 
with 0.1 M hydrochloric acid and transferred into vials 
containing 6 ml of liquid scintillation counting me- 
dium (Ready Safe. Beckman, Gagny. France). The mix- 
ture was thoroughly emulsified and counted 24 hr 
later in a Beckman LS6000IC spectrometer (Beckman 
Instruments, Fullerton. CA). 

Protein Assay 

Proteins were measured according to the method of 
Bradford [36]. using the Biorad Protein Assay Reagent 
(Bio-Rad, Munich. Germany). Briefly, after 72 hr of 
culture under various conditions, the culture medium 
was discarded and the cultures were rinsed in phos- 
phate-buffered saline (PBS). The cells were then lysed 
in 1 ml distilled water, and 100-|xl fractions of the cell 
lysates were added to 2 ml of dye protein reagent 
diluted in distilled water (20/80). The various samples 
were thoroughly emulsified, and optical density (OD) 
was measured at 595 nM. 

Detection of Apoptosis 

Possible apoptotic cell death after 72 hr of culture in 
4 mM TEA was assessed by two methods: 1) an "in 
situ" cell death assay, where direct immunofluores- 
cence of digoxigenin-labeled genomic DNA in forma- 
lin-fixed cell cultures was identified using the Apop- 
tag fluorescence kit (Oncor, Gaithersburg, MD); and 2) 
electrophoretic analysis of extracted DNA. DNA was 
extracted from 5 x 10® cells according to Blin and 
Stafford [37] and electrophoresed on 2% agarose gels 
in tris-acetate EDTA buffer. The gels were stained 
with ethidium bromide and photographed. 

RESULTS 
Passive Membrane Properties 

Under whole-cell voltage clamp, the capacitative 
transient current decayed according to an exponential 
function, indicating a cell capacitance of 16 ± 3 pF (n = 
7). The membrane resting potential of LNCaP cells 
varied from -30 — 70 mV, with an average value of 
-42 ± 6 mV (n = 11). Increasing the external con- 



centration from 5 to 50 mM depolarized the cell mem- 
brane by approximately 20 mV, showing the contribu- 
tion of conductance to the resting potential. 

Conductance Identification 

In order to test for the presence of ion conductances 
in LNCaP cells and simultaneously visualize all volt- 
age-dependent currents, voltage steps of 10 mV were 
applied, from a holding potential of -80 mV. Pulse 
duration was 200 msec, and stimulation frequency 
was 1 pulse every 30 sec. Figure lA shows a typical 
recording performed on an LNCaP cell. Only outward 
conductance was observed at all membrane potentials. 
Responses to voltage steps were similar, even when all 
cells were held at -80 mV. irrespective of their previ- 
ous membrane potential. Outward membrane cur- 
rents were activated between -40 — 30 mV. and this 
characteristic was independent of the holding poten- 
tial value. Once this current attained its peak value, it 
did not inactivate. The current-voltage (I-V) relation- 
ship for outward current In a 5-mM external and 150- 
mM internal K"^ gradient is shown in Figure IB, dem- 
onstrating that the outward current in LNCaP cells 
displays an outward rectification for large membrane 
depolarizations. 

The reversal potential of the outward current was 
estimated from the reversal of the tail currents at a 
[K-^] concentration of 5 mM in the bath (Fig, IC). The 
cells were first stepped by a prepulse from -70 mV to 
a potential which activated the outward current (+30 
mV) for 50 msec and then shifted back by a test pulse 
to various potentials between -120 — 10 mV in 10-mV 
steps for 50 msec. The amplitude of the tail current 
(measured 10 msec after the beginning of the test 
pulse minus steady-state current) was plotted against 
the voltage of the test pulse. This measurement under- 
estimates the actual tail current amplitudes, but can be 
used to determine the reversal potential of the current 
[38]. However, it does avoid a possible distortion of 
the early current phase by the capacitive artifact. In the 
example shown in Figure ID, the resulting I-V curve 
reversed at a potential of -85 mV. The average value 
of the reversal potential for LNCaP cells was -83.3 ± 
2.5 mV (n = 8), close to the calculated potassium equi- 
librium potential (Ek = -89 mV). As the external 
concentration was increased from 5 to 50 mM, the re- 
versal potential of the current shifted to the right, 
equalizing to 0 mV in a symmetrical K"^ gradient (150 
mM external and 150 mM internal), as could be ex- 
pected from a channel that is mainly permeable to K"^. 

When an equimolar concentration of Cs*^ (150 mM) 
or Na^ (150 mM) was substituted for K*^ in the pipette 
solution, the outward conductance was blocked over 
the whole range of depolarizing steps, confirming the 
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Fig. 1. Voltage-activated K* conductance in LNCaP cells. A: Voltage command pulses of increasing amplitude were applied from 
-80-+100 mV (holding potential (Vh) of -80 mV; step duration 200 msec). Upward deflection indicates an outward (K*) conductance. A 
downward deflection at the beginning of the voltage step would have indicated an inward (Na* or Ca^*) current. B: Current-voltage (l-V) 
relationship of K* conductance. C; Tail-currents evoked by a double-pulse protocol. The cells were held at -70 mV and stepped by a 
50-msec prepulse to +30 mV. The membrane was then repolarized by 50-msec test pulses to the levels indicated, D: l-V relationship for 
tail current (measured 10 msec after onset of test pulse minus steady-state current) from the cell shown in C, 
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Fig. 2. [Ca^*]i sensitivity of K* channel. Time course of the 
inhibition of K* current by 0.2 pM free Ca^* concentration. Plot of 
K* current (I) vs. time and respective original current records 
(1-4) obtained by 200-msec depolarizing test pulses to +30 mV 
from holding potential of -70 mV (top). 

specificity of outward currents for K"^ ions. 

Neither sodium nor calcium voltage-dependent 
conductances were observed in LNCaP cells under 
our experimental conditions, in a wide range of mem- 
brane potentials. 

Ca^^ Dependence of K*^ Conductance 

The standard pipette solution contained 0.01 \xM 
Ca^^ (see Materials and Methods). When the internal 
free Ca^* concentration was increased to 0.2-1 ftM, the 
amplitude of the K'^ current gradually decreased fol- 
lowing rupture of the seal. In control conditions of 
whole-cell experiments, the current was almost 
stable under internal perfusion. No decrease in cur- 
rent (or "run-down") was observed during recordings 
lasting 20 min or more. Figure 2 shows an example of 
the time-dependence of the decrease in K* current 
caused by the 0.2-p,M free-Ca^'^ concentration. Within 
approximately 10 min of perfusion the outward cur- 
rent was almost completely inhibited (n = 5). 

Pharmacology of K* Channels 

We have investigated the sensitivity of K"^ channels 
in LNCaP cells to various pharmacological K"^ channel 
blockers. In our experiments, the drugs were applied 
locally, close to the soma of the cell under study tising 
a 40-50-jLm pressure ejection micropipette. Under 
these conditions, it was assumed that the drug con- 
centration close to the cell membrane (applied at low 
pressure) was close to the concentration of the solu- 
tion in the micropipette. 

We first studied the effect of a potent K'^ channel 
blocker, tetraethylammonium (TEA), that had previ- 



ously been shown to inhibit various types of chan- 
nels in different cell models (39,40]. The action of ex- 
ternally applied 4 mM TEA on currents is shown in 
Figure 3. The I-V curve was determined before TEA 
application, and activating voltage steps were then ap- 
plied at 1-sec intervals as the TEA-containing micro- 
pipette was brought close to the cell. A second 1-V 
relationship for K* current was determined when the 
TEA effect was maximal (after 1 min of TEA applica- 
tion) (Fig. 3B). K* current decreased within 3 sec of the 
onset of TEA application, and the effect remained 
stable until the micropipette was removed. The effect 
of TEA was reversed by removal of the TEA- 
containing pipette. As shown in Figure SB, TEA ap- 
plication did not affect the K* current threshold, but 
reduced the K* channel conductance, as shown by the 
different slopes of the I-V relationships obtained be- 
fore and during TEA application. The IC50 was esti- 
mated at 2 mM. 

TEA did not affect the internal calcium concentra- 
tion [Ca^'^li. measured using a microfluorimetric assay 
with the fluorescent Ca^* probe indo 1, at any of the 
concentrations used (Fig. 4). 

We checked the effect of 4-aminopyridine (4-AP). 
widely used as a selective inhibitor of transient K"^ 
currents [38.40]. 4-AP (1 mM) did not affect con- 
ductance in our studies at all membrane potentials. 

Several recently characterized toxins have been 
used to determine the different kinds of potassium 
channels expressed in a variety of cells (41]. We used 
several toxins known to inhibit voltage-dependent K"^ 
channels. Charybdotoxin (CTX) and iberiotoxin 
(IBTX). inhibitors of Ca^^-activated K-^ channels in sev- 
eral cell models (41-43]. had no effect on K"^ channels 
in LNCaP cells. 

Conversely, a-dendrotoxin (DTX), a polypeptide 
isolated from the venom of the green mamba snake 
Dendroaspis angusticeps (44], dramatically decreased 
the amplitude of the current in LNCaP cells in 
whole-cell recordings. The onset of action of DTX was 
in the range of 2-10 min and depended on the con- 
centration. Low concentrations of DTX (0,2-0.5 nM) 
required a longer time (approximately 10 min) for on- 
set of action and induced a smaller reduction in K"*" 
current. For DTX concentrations in the 2-5 -nM range, 
onset of action was in the range of 3-5 min, and the 
reduction to half-amplitude current was completed 
within 8 ± 2 min. Figure 5 gives an example of the 
time-dependence of 5-nM DTX application for 8 min 
on the currents for a depolarizing voltage shift to 
+50 mV from a holding potential of -70 mV in LNCaP 
cells. The maximal reduction in K"^ current obtained 
with DTX (5 nM) was 53 ± 13% (n = 7). After DTX 
washout, the K"^ current reversed very slowly and did 
not reach the initial amplitude even after 30 min. 
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Fig. 3. Effect of TEA on K* current A: Example of the effect of 4 mM TEA on K* current recorded before TEA application (left), and 
1 min after TEA application (right). Voltage command pulses of increasing amplitude were applied from -80-+100 mV (Vh of -80 mV; step 
duration, 200 msec), B: l-V relationships of K* conductance before (O) and after (•) TEA application, corresponding to K* currents in A, 



We also used mast-cell degranulating peptide 
(MCDP). extracted from bee venom [41], that selec- 
tively blocked voltage-activated K"^ currents in several 
other systems. MCDP inhibited the amplitude of the 
K"^ current in LNCaP cells with the same slow kinetics 
as DTX (data not shown). The maximal reduction in 

current with MCDP (80 nM) was 55 ± 11% (mean 
value ± SD. n = 5) for a depolarizing voltage shift +30 
mV from the holding potential of -70 mV. When the 

current was already inhibited by 5 nM DTX, the 
subsequent addition of 80 nM MCDP was ineffective 
(Fig. 5). indicating that these two peptides affect a 
common set of K"^ channels. 

Modulation of Cell Proliferation by Potassium 

Channel Blockers 

In order to determine whether proliferation of 
LNCaP cells was altered by potassium channel modu- 
lators, we used the ^H-thymidine incorporation assay 
and protein assay. 

Figure 6 shows that TEA inhibited [^H] thymidine 
incorjK)ration in a dose-dependent fashion after 3 days 
of culture. TEA also significantly inhibited protein 
content, as shown in Figure 6B. MCDP (at a concen- 
tration of 80 nM, which inhibited the half-amplitude 
of the current in electrophysiological experiments) 
also inhibited [^H] thymidine incorporation by 56 ± 
6% (n = 5) of controls. As DTX is known to be unstable 
in long-term experiments (see "Sigma Peptide and 
Amino Acid Catalog: Handling, Reconstitution and 
Storage of Peptides," 1992), it was not used in cell 
proliferation assays. The inhibitory effects appeared to 
be correlated with K* channel inhibition, as 4-AP had 
no effect on either K* channel conductance in electro- 
physiological studies, nor on ^H-thymidine incorpora- 



tion nor on protein content (data not shown). Further- 
more, alteration in cell-growth kinetics by K*^ channel 
blockers was not due to cytotoxicity, as the percentage 
of cells excluding trypem blue was not affected by in- 
cubation with the blockers in the range of concentra- 
tions used. 

Channel Inhibition and Apoptosis 

As tumor-cell populations may simultaneously un- 
dergo proliferation and programmed (apoptotic) 
death, we investigated whether K'' channel blockers 
induced apoptosis in LNCaP cells. We used 4 mM 
TEA. the most effective concentration in inhibiting cell 
proliferation under our experimental conditions. Gel 
electrophoresis showed no evidence of the DNA frag- 
mentation characteristic of apoptosis after a 72-hr 
treatment with TEA. Similarly, the percentage of im- 
munostained cells in the in situ cell-death assay was 
identical (<2%) in control and TEA-treated popula- 
tions. 

DISCUSSION 

Metastatic prostate cancer is one of the most wide- 
spread malignant diseases for which no cure has yet 
been found. Many studies on the proliferation of pros- 
tate cells have focused on the effect of steroids and 
their role at the genomic level. A novel approach 
aimed at understanding the role of plasma membrane- 
related events may be of special interest in these tu- 
mor cells. 

Membrane ion channels of prostate cells had not 
been characterized until now. A systematic search (via 
the Medline information system) located two papers, 
in which the existence of L-type calcium channels in 
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Fig. 5. Effect of DTX and MCDP on K* conductance. Time course of the inhibition of K* current by 5 oM DTX. Above: Current traces 
obuined by 200-msec test pulses from holding potential of -70 mV to different test potentials for the control solution (left) and 10 min 
after 5-nM DTX application (right). Below: Respective plot of K* current amplitude vs. time at the membrane potential of +50 mV. T, 
DTX application starting time. Horizontal bar indicates an episode of 80-nM MCPD application. 



LNCaP cells [45] and the presence of high-conduc- 
tance K*^ channels in the prostate carcinoma (PCS) cell 
line [46] were inferred from only biochemical and 
pharmacological experiments. 



For the first time we have applied the electrophysi- 
ological approach and the patch-clamp recording tech- 
nique to identify directly the ion conductances in 
LNGaP cells. We found that, in all cells investigated, 
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Fig. 6. Synopsis of the modulation of LNCaP cell proliferation by 
K* inhibitors. Left: Changes in thymidine incorporation in- 
duced by TEA Oeft to right control; 1 mM TEA; 2 mM TEA; 4 mM 
TEA) (n = 3). Right: Effect of TEA on protein content (left to 
right: control; 1 mM TEA; 2 mM TEA; 4 mM TEA) (n = 3). Means 
± SD are depicted. Significant changes (P < 0.05) obtained from 
student's t-test are indicated by asterisks. 

only an outward potassium conductance was present. 
No voltage-dependent ccdcium conductance of any 
type, nor any sodium conductance, was observed. LN- 
CaP cells are known to be electrically nonexcitable as 
they are not capable of producing action potentials in 
response to depolarizing voltage stimulation. It is, 
therefore, not surprising that they lack both Na^"^ and 
Ca^"^ voltage-dependent channels. In these cells, po- 
tassium conductance seems to play an essential role in 
the maintenance of cell membrane potential, as the 
rise in extracellular K"*^ ion concentration depolarized 
the cell membrane. 

A specific property of LNCaP-cell K* channels 
is that they are directly and reversibly inhibited 
by intracellular Ca^*. This rather unusual property 
of voltage-dependent K* channels has also been re- 
ported in lymphocytes [47.48] and rat microglial cells 
(38]. 

To further characterize the type of voltage- 
dependent K* channels expressed in LNCaP cells, we 
used several toxins known to specifically inhibit dif- 
ferent types of channels in other cell models. CTX. 
known to inhibit Ca^^-dependent channels [43.49). 
was not capable of inhibiting K* channels in LNCaP 
cells. However, two toxins, DTX and MCDP, that have 
never been shown to inhibit K* channels involved in 
cell proliferation, markedly decreased the K"- current 
amplitude and channel open probability. Inhibition of 
the K* channel by these toxins displayed very slow 
kinetics and was almost irreversible, in accordance 
with their previously demonstrated mode of action on 
nonihactivating K*" current in dorsal-root ganglion 
neurons [50]. 

Detailed electrophysiological and pharmacological 
analysis of channels in LNCaP cells indicates that 



we have identified a new type of K"^ conductance, with 
unique overall properties. 

To ascertain if the voltage-activated. Ca-dependent 
K"^ channel was involved in the modulation of cell 
proliferation in LNCaP cells, we studied whether in- 
cubation of LNCaP cells with K'*'-channel inhibitors 
interfered with cell proliferation. Inhibitors that were 
effective in depressing K* channels in electrophysi- 
ological studies were found to markedly reduce the 
number of metabolically active tumor cells (MTT as- 
say), and to decrease ^H- thymidine incorporation PH- 
thymidine incorporation assay) and protein content, 
suggesting a strong antiproliferative action of the 
drugs. Alteration of cell-growth kinetics by K"^ channel 
blockers was not due to cytotoxicity, as the percentage 
of cells excluding trypan blue was not affected by in- 
cubation with the blockers in the range of concentra- 
tions used in this study. The overall effects of chan- 
nel blockers on LNCaP cell proliferation were differ- 
ent from those reported for mitogen-stimulated 
lymphocytes [20], melanoma cells [27], or breast- 
Ccincer cells [26]. These quantitative and qualitative 
discrepancies may be due to differences in the type of 

channel expressed in the various cell populations. 

Although it is clear that potassium channels are im- 
portant for cell growth, the action mechanism of these 
potassium channel effects remains to be defined. In- 
deed, several hypotheses may be proposed for the 
mechanisms by which K* channels and their inhibitors 
affect cell proliferation: 1) K*^ channel modulation re- 
sults in changes in intracellular K"" concentration 
([K"^]i) which may directly or indirectly influence cell 
growth [51]. 2) Changes in membrane potential result- 
ing from [K*], modulation may also interfere with mi- 
togenic activity [22]. 3) Furthermore, changes in mem- 
brane potential will modify the driving force for the 
electrogenic transport of Ca^* ions [35] that may affect 
cell proliferation. This hypothesis is unlikely, as our 
measurements showed that acute application of TEA, 
in concentrations similar to those used in patch-clamp 
experiments, had no effect on intracellular Ca^* con- 
centration. 4) The reduction in cell proliferation may 
be mediated by possible changes in intracellular pH 
[52] or cell volume [53] following K"^ channel block- 
ade. 5) Finally, K"^ channel modulation has been 
shown to alter the expression of several genes, includ- 
ing the early genes c-fos and c-jun [54.55], as well as 
the Ha ras oncogene [56]. Thus, K*^ channel blockade 
may inhibit cell proliferation by acting directly at the 
gene level. More detailed study is required of the 
mechanisms involved in signal transduction evoked 
by K'*^-channel modulation in relation to cell prolifera- 
tion. 

In conclusion. LNCaP human prostate cancer cells 
express K* channels, that are likely to play an essential 



role in the physiology of these cells and, more specifi- 
cally, in their proliferation. Additional experiments 
will be needed to determine if these results can be 
extended to other prostate cell types, and to further 
understand how K* channels can interfere with the 
regulatory pathways involved in cell growth and pro- 
liferation. 
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Voltage-gated Sodium Ion Channels in Prostate Cancer: 

Expression and Activity 
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Abstract. Background: High levels of volta^-gated sodium 
channels (VGSCs) have been preuiowiiy associated wiih the 
invasii'eness of rat and human pnmate cancer (Pea) cell lines. 
Materials and Methods: 4 nonnal prostate and 80 clinical Pea 
spedtnens on a (i%sue micrmmiy slide w^ere exatnitted by 
immutiohi^ochemiimy using anti-sodium channel (III-IV Utxker 
refion) anribo(fy. The efftcts of a VCfSOnpeMr and VGSC- 
blockers on the in vitro proliferation of 4 human Pea cell Hnes 
ym examined, Resuhx: Fifiy-fi\'e% {44 our of SO) Pea specimens 
showed higher VCSC teveb conxpan^d to normal, with H (of 44) 
showing increased focal staining. yGSC-opcner \*erairine ( h50 
uglmLh ir\crtased growth of PCS, DU145. LNCaP and MDA- 
PCA-2B Pea ceM VCSC-hlockers. fhmarizine (IC^o~^ f^gftnL) 
and riluzole (ICso= 10-30 P^gimL) caused dose-dependent 
growth-lnhihidon of all four cell lines. Western analysis of cell 
extracts showed VGSOimmunoreactivity in the 4 Pea cell lines. 
Conclusion: Our results indicate increased expression of VGSCs 
in Pea and VGSC invoh^ment in Pea growth. 

EJcctrophy<;iolog)cal recording (patchKrIamp) studies hftve. 
shown that higWy nK;tastalic rodent Mat-LyLu, Dunning 
ptosiaic cancer (Pea) cells express sodium (Nan-) channels, 
activaicd by membrane depolarization (I). In contrast, the 
weakly meusuiic AT-2 Dunnine: Pea cells express no active 
Na+ channels (1). The pharniaculugical profile of the Mai- 
LyLu voliage-gated Na+ channel (VGSC) suggested that it is 
letfodoTOxin-sensitive (2), Study of human Pea cell lines 
revealed similar properties (3). A greater percentage of the 
aggressive, androgen-in^cnsitivc, PC3 cells express voliage- 
gaied sodium channels (VGSQ) compared to the relatively- 
indolent, androgcn-scnsitive, LNCaP cells (3), The possible 
function of VGSCs expressed by strongly metastatic PC3 cells 
has been investigated hy in vitro invasion assay (Boydcn 
chamber) (3). The invasiveness of PC3 cclb was reduced 
Mgoificanily by lelrodoioxin (2, 3). Analysis of VGSC protein 
leveU in rat and human Pea cell lines by flow cytometry, 
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Showed a positive correlation between the proponioh 
channel-expressing cells and the ability of the cell line i 
invade reconstituted basement membrane (Matrlgej) « 
vitra (4). Thus, VGSC activity appears to contribute X(f t 
Invasive behavior of Pea cells. Skeletal muscle type 
channel mRNA has been delected in both rat and hijm 
Pea cell lines (5). We have investigated the expression 
VGSCs in clinical Pea specimens for the first limej a 
studied the effect of VGSC-channcl modulators on cellu 
proliferation. j 
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Materials and Methods 




Normal and mHlignanr prortatc spccimwui on liiiue inicroarray kit 
uerc obtained from the Cooperative Humnn Tissue Network vndir 
TiJSiJC Acr^y Rc«»rch Program (FaRP) of ihe Naliooal Oan 
Instinitc. The National Insiimtcs «f Health (Ucthesda. MD, 
Sections were dcparaffintzcd in xylene and hydraied ihrougb ^ 
alcohol vcfics. After i|uciiclmig endogenous pcroxidas* with jlX^fi 
hydrogen pcfowde in rneibAnol. ringing with phosphate -buffered ,kal| e 
fHHS) and blocidnt' «ath 3% boviiw Mtum albumin (BSA) in PBS/pis« :c 
secdtms were incubated in primary aolibody. ^ Ug in 200 yl. PBS i^^' 
HHlium channel IH-fV linker region, rahbh polyclonal Uj»st 
Hi<ita:hn()Iosy, Ukc Placid. KY, USA) for 1 hour at room tcmpcM-^ 
(R T) in a humidified chamber. ScsetiiWtt iheo rinwd *'iTh Pf^ 
incutwtcd «nih horserddiih-pciuxidiiM (HRP)-COftjugated, gOATj a 
rabbil anUbtuly (BioRttd, Hcrculfct. CA. USA) ai A 3:200 (lilurina; fc 
hoar at RT, Frcbhiy prepared 3 J'-di!imiiiul»cii£idiue (DAP, Sigmf F 
Tablets. Sl Louis. MO. USA) was used as the substrate fur IIKP- j 

Effect* of the VGSC-opcncr vcratrinc (Si^a. St. Loius. MO. j-'S^ f) 
ti% vt'feU *s VGSfVWrckfiTi:* flunaririnG and riluicilc (T'otji.. Ell$^■i^. 
MO. USA), on in x-itrv ceUuUj pfolifcrBiion were determined. jF( 
human Pea ceU lines were Mudied: PC'3, DUJ45. MDA-PCA-2$ a 
l-NCaP (American T.vpe Culture CoUeciion), The ccH lines 
maintained in Lciboi^tt's medium (Gibco. Rodcville, MP, U' 
conlainmg lUO imiis/hiL penicillin 0, lOO jig^mL Jtreptomycini Q 
\isy'xi\L urophutericm B (L^mediam) and suppleiuenled ^Uh 20% H^: 
r-12, 5 nfiArtiL insulin* 100 ^igftrU- transferrin, 30 nM sodium selcni^ 4 d 
5% retai bwiac seium. To ttudy groMh-tiimuUtion, human Pc^ itl 
lines were plated at 7,000 cells per well in plates in sappkm|?n 

L-mcdium. Next day the cells were changed to unsuppkment^ 
medium. After hours the cells were treated with veralrihe|lo 
unsupplemcntcd t,-mcdium for 72 Soars and the cell Duinbrn 
determined using calcciD AM (Molecular Probei, Eugene. OR, VSM ), 
10 sludy the eftect of channel-bJockers on grovilu human Pea cclla tt^ ;? 
were plated at 15.000 ccib per wcU in $6-well plaus in its 
supplemented gro^ih medium. Next day the ceth were tr«ated 
ehannct-blockcK in unsupplementcd L^mcdium for 96 hours and t^e 
numbers determined Uidng ealcein AM. \ 
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Cell airactt of the 4 cell Uoes were prepared and Weftlem blotun* 
done as previously described (6), Scvcnty-fivc jjig of cell cxiracii were 
loaded per lane und ihe anti-VOSC »ntihody from Upiiiaie 
BiotcchnoJogy was used at a 1:1000 dih)tic*n. 




' 4 



Results 

Aniibody against ihc VGSC IIMV inrracellular loop was 
employed to detect VGSC expression in a human, multi- 
rumor tissue microarray. A moderate level of staining was 
nh5;enred in normal prostatic acini (Figure 1, top) with 
staining somewhat higher in celU lying on the basal as;pcci. 
Staining was observed both in the epithelial and stromal 
compartments. Founeen (18 ^i) of the 80 Pea specimens 
examined showed similar moderate levels of staining with 
high levels of focal sJiaining observed in scattered individual 
cells or small groups of ceUs (figure 1, middle). Tn addition. 
30 (37 %) of the JM) Pea specimens showed elevated epithelial 
staining (Figure L bottom) compared Ui normal (Figure 1. 
top). 

The VGSC-opcncr vcrairine stimulated growth of the tv^o 
androgcn-responsWe Pea lines (LNCaP and MDA-PCA-:B» 
as well as the two androgen-unresponsive cell lines (PC3 and 
DU145). Dose-dependent growih promotion of LNC^aP cells 
by veratrine is shown in Figure 1 A maximal 68% stimulation 
was ob<:erved in LNCaP cells at a concentration of 5 Mg/mL 
vcrairiDc. Also, maximal stimulation of 39%, 27% and 23^f 
was observed in MDA-PCA-2D, DU145 and PC3 cell lines, 
respectively at concentrations between 5-50 |ig/mL veratrine 
(Figure 2). The effect of veratrine appeared biphasic, with 
lower stimulation at the higher doses in three of the cell lines 
examined (Figure 2). Veratrine is known to support the 
survival of embryonal neuronal cells in W/ro. abouj 2(1 |ig/mL 
veratrine being as effective as a nerve gri^lh factor (7, «). 

The VGSC-blocker flunarizine {H, 9) inhibited, in a dosc- 
dependeni manner, the groMtth of the androgen-insensiiiNe 
PC3 and DUU5 cells as weJi as the androgen-sensitivc MDA- 
PCA-2B and LNCaP cell lines (Figure 3, left). 1 blf-maximal 
inhibition occurred at about 2 ns^*mL flunarizine (Figure 1 
left). Another VGSC-blockcr, riluzolc (10). dccrcasicd growth 
of all four Pea cell lines, half-maximally at concenlrations 
between 10-30 fig/mL (Figure 3. right). We have previou$l> 
rcponed thai other VGSC-channcl blockers such as 
carbamfl/epinc, phcnyloin and valproate inhibit the in virro 
proliferation of Pea cells grown in Matrigcl (11). Western blot 
analysis of cell extracts found VGSC-immunoreactivity in all 
four human Pea cell lines tested (Figure 4). Any difference in 
the level of VGSC protein between PC3 and LNCaP cell lines 
was not readily detectable by Western analysis (Figure 4) as 
found by flow cytometry (4). 

Dtscusston 

Electrophysiological studies of weakly metastatic AT-2 and 
strongly metastatic MAT-LyLu rat Pea cell lines detected 
VGSCs only in MAT-LyLu cells (1. 12). nuwcytomclric 
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Figure 1. hutUiAohiitochtmical smining of voUa^e-^Ated so^iidnt 
channels w the fio/mai hittnan prostate (top). Httpmetmrive clinuial 
specimens showing increased rtainin^* focal (mutdlt) and diffuse (bd^tic ' i) 
Mogntficaiion 40X, 
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figure 3. Cmwih'inhihiiivtt of four human prvst&te cum-cr ctU lines by t/OSC 
flu sAoMTi. /lui)r>5 were repeated three rimes with simihtr results. 



analysis for VGSC expression in human Pea cell lines using 
»he same commercial antibody as used in this study (Upstate 
Bioiechnology), showed positive cells in PC3, 13.8% 
positive in DU145 and only 1.6% positive in LNCaP (4). Also, 
t^sfeclcd rat epithelial cells having high VGSC expression 
displayed increased in vitro Invasiveness (4), Our finding of 
increa.sed VGSC levels in a sub-set of human Pea compared 
^0 normal (Figure 1) are therefore in agreement with the 
previous reports of VGSCs in rat and human Pea cell lines. 
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'blockers, flunaridne (tafi) andrUuiAU (ri^t). Mean <y duplkutc oixaypc*^ ts 
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Differential expression of VGSCs in prostaie cancer ce|is| >r 
varying metastatic potential, and the demonstration of Ith ! r 
involvement in cellular behavior (such as proliferatiorj a d 
invasion), are consistent with VGSCs having a significant r< i e 
in Pea progression (13). It is noteworthy that androgensjha ? c 
been sluwn to suppress VGSC aaivity in the mouse miis ; e 
C2 cell line (14). It is thus possible that increased Vtoli- 
activity is associated with progression of Pea to andrdg^i* 
independence. These data support other studies shchvi g 
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f iCUTc 4 Wmf^ blot of t tU rjuracw from 4 humsn pruwai* canur ctU 
u^nt a*xiiSH,dy specific for the xK>lu3f^re<f. unhum^hanncl 
imractiiuUr Ill-Jyioop. 



aliere<1 vtiluge-gared iori-channcl expression during wnccr 
developmenr and progression (13. 15, 16). VGSC presence in 
small cell lung CHHcer cell lines has been reponed (17, 18). 
Our results suggest thai VGSCs could serve as targets for Pea 
trcaimenl. Further invevtigalionfi of an association between 
higher VGSC expression and poor prognosis and regulation, 
of VGSC aaivity in Pea are warranted. 

Acknowledgements 

Supporicd t*y ihc National Cancel Tastituur: OrtOi CA63225. 

References 

I OrimtS M. Pnwer SP. SrcpKem GJ. Oawnmg JEG. Uniado MK. 
roster C:S, Abel PD and Djaini;o2 MBA: DirfereoiiaJ expression ul 
voliage-activatcd NiH- OitTcn^ io i^o piosiatic lumuur cell lines: 
Qmuibmion io invasivcne»t« iwo. FEBS UtiiftW: 290-2K 1 

: Grimes JA and Djamgoz MBA: Elocirophyfiiological chamdciiraurtn 
of voltagc-tjaied Na+ cuircnl expressed in ihe highly mctastaiic Mat- 
?.yl.u cell line of r»t proxuic cancer. J Cell Physiol 175: 50-58, 1998. 

3 Uniado ME LaVini EN, Fraser SP, Grimes JA, Bhangs G and 
Djamjoi MBA: EKprcssion aod functional analysis (rf volUfiC- 
Activated Na+ ch*nncls in human proswic cancer cell lines and Iheir 
contnhuiion lo invasion w tfrw. Am J Puthol JSO: 1213-1221, 1V97. 



4 SmllU P, Rhodes NT. Shortland AP. Friscr SP, DjamBoi MV..' j ic| 
and PosUf CSt Sodium channel proiein expression enlia;..U 
iftvasivcncst of t^t and human prosiatc camcer cells. FEBS Lett 
19L.2i, IWft. . 

5 Di<* JKJ, Stewart D and Fraser SP: Expression of tkdcul 
type vol^aft^■gatcd Na+ channel in rat and human prusiaic can- cr 

Unc^ FEBS Utt 427: 5-10, IW 

6 Diaz M, Abdul M and Hoosein NM: Modulation ofoeuroenc 
differentiation in prosiau cancer by iiUcrleuVijt-1 wul -t 
Prostate (Suppl) fi. 32-36, 1998. j 

7 Bhavc SV, Malhoira RK, Wukade TO and Wakadc AR; Vepi 
supports the in vUw survival of cmhtyonic chick jyropaihcti^ s^ur 
Neurofic W; 201-205, IV90. 

g Tanaka S and ICoike T: Vcratridine delays apoptot'ic neuronal 4 
induced by NOF deprivation through a Na( + )-dcpcndcni mcc u 
in cijUurcd rat sympathetic neurons. Ini J I>evclop Ncurosc isi 11 

•) oiusin MA, KicholU iXi and Pocock JM: Hunarliine Uhibis 
calcium-dcpcudew and -indcpeudcnt release of glotamati 
$ynaplO**omes and cultured neurone*. Brain Res 606: 227-36, 1^ 

JO Song Huang OS. Kagata Yeh J7. and Narahashi T: Diff^l 
action of riluaolc un ie.troc1otoxin-i(enSilivc and tctmdnfumn-^* 
fcodium channels. J Pharmacol Rxpcrimntl Therapeutic 2it2: tr?; 

1 1 Abdul M and Hooscin NM: Inhibition by aniicoovuUantR n: pf 
jpedfic antigen and intcrleukin-6 Recreiion by hunuD prosutq 
cells. Antican Res 2 ): 2045-2048, 20O I . j 

12 Frascr SP, Grimes JA and Djamgoz MBA: liftrcu i>f voliaj|c 
" ion channel roodulatom on rat prostate cancer cell prolif^f 

Comparison of strongly and weakly metastatic cell Kncs. The 
^; 61-76.2000, r . 

13 Foster CS, Comford P. ForRyih L Djamgnt MBA and KcjY: 
ccDulaf and mtilcculai basis of prostate cancer. BJU Internan^- 
171-194.1999. [ , 

14Tabb JS, Fangcr GR, WiUoo EM, Maue RA and Her,.- |or 
Suppression of sodium channel function dlfferenriaiini -.jm 
cells staWy overcxpressing rat androgen reccpiors. J Ncuroscp^: 

773 1994. j 
15 Calificy JM, Drown AM and Hess P: Mitogens and vncogejne 
block ihe induction of tpcdftc voliyge-gaied ion channels. j- 
239: 570-573. 19H7. . | 

I ft Repp H. Braheim 1 1 and Ruland ) : Profound differences in p^ 
current propenieS of normal and Rous sarcoma virus-trai^c 
chicken embryo ObroWafits. Proc Natl Acad iiri USA 90: 34»3 

1993. , = 

17Pancrazio JJ, VigUone MP, Tabbara LA and Kim YT: yo 
dependent ion channcU in sinall-ccll lunc vanccr cells. C ; ^ ^»*- 
.SVUl-5906, im ^ ' u, 

18 Blandino JK Viglione MP. Bradley WA. Oic UK and p« 
Volugc-dcpcndem sodium channels in human smnU-cclI lunjj c» 
ceils: role in aclion potentials and inhibition by Lambfift-] 
syndrome IjKt, J Meeobfane Biol 14S: 153-163, 1V«5. j 

I 

i 
t 

J<ecei\'ed Januasy M 
Accepted March ^ 



1730 



mY-30-2003 18:27 



619 299 7541 



3S% 



